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ABSTRACT
Yttrium aluminum garnet (YAG) has been a material of intense interest since its
discovery in 1964. Recently, efforts have been made to find alternate ways of producing
YAG and other analogous oxides as dense materials for applications in lasers, scintillators,
and optics. Methods of densification necessitate the use of nanomaterials as the building
blocks for their development.
The production of nano-oxides is a diverse field with numerous methods, each with
its own benefits and drawbacks. Methods like ball milling and solution combustion were
chosen because of their projected simplicity, meanwhile flame spray pyrolysis and
precipitation were chosen because of the control each offered in their syntheses.
Hydrothermal synthesis was attempted as a supplementary technique to precipitation.
To find the ideal method to produce these materials, each approach was explored
in detail and evaluated according to ideal criteria. The aim of this work was to provide a
solid foundational exploration of different synthetic techniques, choose one and explore it
further. During the investigation, the method selected had room for improvement regarding
metal ion concentration which exceeded expectations for nanoparticle synthesis. Presented
herein is the novel technique of frit assisted precipitation and a foundational study of its
ability to produce nanoparticles.
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CHAPTER 1
INTRODUCTION
A Brief Introduction to Yttrium Aluminum Garnet and Nanoparticles
Yttrium aluminum garnet doped with cerium (YAG:Ce) has drawn a lot of interest
because of its uses as a laser[1], phosphor[2], and analogue to other garnet scintillators[3]. Its
prevalence in the literature also makes it a good standard to compare against in these fields.
Interest in YAG has grown substantially as attention to other novel garnets and rare earth
compounds has risen.[4-7] Concurrent to this is the need for simpler synthetic techniques
which bypass the molten growths or high temperature melts. Focus has been on
polycrystalline materials derived from pressed nanopowders and is an area of highly active
research.[8][9]
It has been well established that the smaller the particle’s size, the higher the density
achievable is from pressing or casting methods.[10][11] To make viable dense ceramics of
YAG the material is derived from a synthetic bottom-up approach by producing
nanopowders for use as a precursor to a compact body, which is sintered to a final dense
crystalline material.[12-14] Because of the importance given to nanoparticle size, care must
be taken for the selection of a synthetic method to produce such desired ceramic materials.
Previous melt methods, like Czochralski[15] and Bridgman[16], require large
amounts of energy, time, and specialized apparatus to make a single crystal. The field has
begun to optimize alternate routes using nanomaterial precursors to compact and sinter
together to form dense, polycrystalline ceramics.[12-14] Interest and demand for
nanomaterials has increased to fill this niche and out of this has evolved the search for the
1

best synthetic approaches. Belyakov et al. (2011) summarizes four routes to nanopowders
as either using a liquid or gas medium, solid state reaction, or plasma reaction.[17]
Methods for the ideal synthetic approach to properly-sized nanoparticles range
from grinding to combustion of precursors in a controlled manner to the precipitation of
metal ions from solution. To help gauge the capabilities of synthetic approaches a list of
desirable properties from Darr, et al. (2017) has guided the efforts:[18]
•

Allow controllable manufacture of homogenous nanoparticles (<100nm diameter
particle) with desired composition and characteristics.

•

Be energy and resource efficient (i.e. avoids the use of wasteful organic solvents or
large amounts of energy and ideally uses a green solvent such as water).

•

Be fast and flexible and use relatively few steps (preferably a one step or rapid
process).

•

Should possess consistent quality with ideally no batch-to-batch variations (e.g. as
in a continuous process).

•

If possible, should allow constant ‘in-process’ or ‘in-line’ monitoring for quality
control measures.

•

Allow flexibility to affect or control particle attributes by changing process
conditions, for example, pressure, flow rate, temperature, etc.

•

Give access to unique nanomaterials that are difficult to make using other methods
(unique phase compositions, unique combination of particle properties).
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•

Should minimize hazards to workers or end users, for example, process being of
minimal internal volume or readily shutdown in an emergency, or produce
nanoparticles that cannot be readily inhaled by the process operator.

This broad set of characteristics can be applied to the numerous synthetic techniques
for the production of nanoparticles and will be expanded later in this chapter. YAG
nanoparticle syntheses ranging from combustion synthesis[19], flame spray pyrolysis[20],
microwave synthesis[21], ball milling[22], and coprecipitation[23] will be explored, as well as
variations of some of these methods in order to promote certain desirable characteristics in
an attempt to find the best method for the economical production of large quantities of
nanopowders.
This dissertation will follow the experimental timeline of methods to produce YAG
by numerous attempted syntheses. Each of these approaches will be detailed in its
execution and results and comments about the benefits and shortcomings of them. What is
learned from these is then applied in a novel technique which has shown great promise to
allow for manipulation and production of nano YAG material. Some time will also be given
to future investigations of this method and development of it with a solid foundation of
research.

Introduction to the Methods
Process Introduction and Literature Survey
To familiarize the reader with the approaches and variations for nanoparticle
syntheses explored in this dissertation, this is an introduction to each process to cover the
broad reviews of the technique, prospect of the chemistry, and what might be accomplished
3

in the pursuit of this method. Each of these was attempted in the hopes of identifying a
candidate method for use and improvement, excelling at the characteristics laid out
previously.
Ball Milling
Grinding and milling has been known since antiquity with one of the earliest
documented experiments being performed by Theophrastus, who ground cinnabar
(mercury sulfide, HgS) in a brass or copper mortar and pestle with some acetic acid.[24]
This resulted in the formation of liquid mercury, and was novel because it avoided the need
for fire to form quicksilver (elemental mercury metal). Currently milling is primarily in the
pharmaceutical industry[25], and for the production of pigments[26][27] and alloys[28][29].
Modern use of milling is focused primarily on the solvent-free or reduced solvent
use syntheses in organic procedures.[25] Inorganic oxides and other inorganic materials have
shown that ball milling is adept at syntheses of materials that may be difficult in
conventional procedures.[30] Because of its top-down approach, using bulk materials and
mixing them together has the benefit of cheap and broad material selection.[24] Especially
in oxide synthesis where the use of alternate starting materials like carbonates, sulfates,
and oxalates can give finer powders, but may leave unreacted residue. Using the oxides
themselves gives a more direct result.[24]
Unlike traditional plate grinding or tumble milling, planetary ball milling takes
advantage of a launched ball across the cavity of the milling cup which impacts the wall or
another ball, grinding the material caught between the ball and the wall or another ball.
(Figure 1) Part of the energy from the ball’s velocity is released upon impact and powder
4

Figure 1 A diagram showcasing a planetary ball mill and the collision between
two balls compacting material and imparting energy.

5

caught between the wall and ball have a hotspot imparted onto them. Over enough time
and numerous impacts this begins to promote a solid-state reaction. Using the Rojac
modified[31] Burgio equation[32], it is predicted that increasing the ball’s mass and having
the widest vessel for this reaction can yield the most energy per impact and reduce grinding
time. A paper from our group covers this in more depth, as does the dissertation of K. A.
McDonald.[33]
Guo and Sakurai (2000) are some of the earliest researchers to produce YAG by
ball milling, initially by drawing the equivalence of mechanical alloying by ball milling to
that of mixing metal oxides in a similar fashion. They start with the goal of making YAG
and yttrium aluminum perovskite (YAP) from simple oxide materials ground in a tungsten
carbide cup by tungsten carbide milling media. In total, they mill for twenty-four hours and
note residue of the tungsten carbide being present in the resulting analyses. The researchers
conclude they have succeeded in making their two desired materials at lower temperatures,
bypassing the need for high temperature heating processes.[33] Zhang and Satio (2003)
report the synthesis of YAG using different aluminum oxide precursors derived from
Al(OH)3 heated at different temperatures. Milling was performed in a zirconium oxide cup
and by zirconium oxide milling media for up to six hours. They conclude that by the end
of six hours and using an Al(OH)3 starting material calcined at 400°C, they begin to see
the start of YAG formation as shown by an x-ray diffraction (XRD) pattern. Treatments of
the aluminum starting material at higher temperatures gave little to no improvement and
caused other phases to arise. These researchers settle on a process of milling for six hours
and heating to 700°C to give a pure phase of YAG but make no mention of cup or material
6

degradation, nor does the XRD pattern show any.[35] Li, et al (2012) are one of the few
groups to achieve a transparent ceramic using ball milling as the primary synthesis
technique. They mill with aluminum oxide balls and cup for up to ten hours, adding
tetraethyl orthosilicate as a sintering aid for transparency. They only have XRD patterns of
high temperature processing at >1600°C, but in a scanning electron microscopy electron
dispersive x-ray analysis (SEM-EDX) display they note large granular impurities in the
pressed material of aluminum oxide, likely from the milling media. [36]
The promise of this method’s simple setup, small material requirement, low specific
demand of reactant types, and fast reaction times were investigated to test these benefits
for rare earth garnets syntheses.
Solution Combustion Synthesis
Alternatively known as sol-gel combustion, solution combustion synthesis (SCS)
is an unusual, yet simple technique which results in a powder from a highly exothermic
reaction.[37] This is achieved by mixing an aqueous metal ion solution, typically composed
of metal nitrates, with a large excess of reducible fuel, and heating the solution until it
begins to undergo a vigorous redox reaction, eventually resulting in a foamed product.[38]
Figure 2 shows a diagram of this setup.
The fuels are critical to provide some dilution to the metal ions in solution and to
evolve gases during the combustion for the foaming and physical spacing of powders, a
diagram of which can be seen in Figure 2. Because of this, a high ratio of fuel to metal ions
is necessary to obtain ideal powders, typically a >4:1 fuel to metal ion molar ratio.[39] The
fuels are often comprised of nitrogen containing compounds because of their highly
7

Figure 2 Diagram of combustion synthesis demonstrating three stages of heating in a furnace, the transition to
combustion, and the final resultant powder.
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exothermic nature and low activation energies to promote the exothermic breakdown for
combustion. A table of common fuels can be found in the review by Varma, et al. (2016).[37]
A classic example of a self-propagating metal and fuel combination is ammonium
dichromate ((NH4)2Cr2O7), often used in an experiment called the ‘tabletop volcano’.[40]
Heating of this salt leads to a run-away reaction that produces green Cr2O3, nitrogen gas,
and water vapor, not stopping until all precursor is consumed. This is one of the simplest
examples of oxide synthesis, but many other oxides have been synthesized by combining
metal nitrates with a fuel.
The process is useful for the formation of complex oxides, which have a significant
interest in recent times for use as ceramics, pigments, phosphors, solid electrolytes, and
scintillators.[41] One of the earliest synthesis of YAG by combustion synthesis was by
Kingsley, et al. (1990) who demonstrated that a combination of urea and rare earth metal
nitrates can produce an oxide and that combining with aluminum can give rare earth
aluminates, YAG being one of the many they tested.[42] YAG was also produced by
Ramanathan, et al. (2002) using glycine as the fuel and noted that a carbon residue persisted
and had to be burned out after the reaction.[43] Laishram, et al. (2011) explored the
combination of urea and glycine and the effects it had at various ratios, eventually settling
on 2:5 metal ion to fuel molar ratio to produce pure YAG after calcination at 700°C.[44]
Finally, Wu, et al. (2015) take it to an extreme by combining metal nitrates and fuel in a
1:40 molar ratio to result in pure phase YAG in a short time.[45] Their main experiment was
studying the effects of cerium content, up to 20 molar percent, and they used an excess of
fuel to achieve this reproducibly.[46]
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Experiments using this technique will be explored because of the simplicity in both
chemistry and apparatus, rapid synthesis time, and produced oxides with minor residual
material left over. Those properties will be useful for comparing to the other techniques.
Microwave Combustion
Different from resistance heating, microwaves are known to heat more uniformly
than traditional resistance heating.[47] Through dielectric loss microwave radiation is
absorbed by the sample and dispersed throughout the sample.[48] The higher power
microwave instruments are capable of heating more quickly and thoroughly which appeals
to researchers because of its ability for uniform heating and the low cost of commercial,
high wattage microwave systems.
A variation of solution combustion synthesis, this method replaces the external
heating with one that heats internally, uniformly, and thoroughly, shown in Figure 3. This
can reduce processing time and ensures a more consistent yield since materials are exposed
to consistent microwave radiation.[21] The earliest use of microwaves to make YAG by
combustion synthesis was performed by Fu (2005) who mixed metal nitrates with urea in
an 8:15 metal to fuel molar ratio. Using a 650-watt microwave generator the reaction was
reported to take 30 minutes to make a powder which was then calcined at 1100°C and
characterized. Some other phases can be seen in the XRD pattern and the SEM images
shows jagged materials, but the overall approach was a success.[50] Vaidhyanathan and
Binner (2006) used citric acid as an alternative fuel to produce a gel that was exposed to
microwave heat until fully calcined, after about 30 minutes. This method follows a sol-gel
technique known as the Pechini method[51] with the only variation being the application of
10

Figure 3 A diagram showing the stages of microwave combustion synthesis with the heating via microwaves, eventual
decomposition and combustion, and final powder that results.
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microwave heating. Secondary phases can be seen in the XRD pattern but are not attributed
to any known phases and persist even after high temperature calcination. The SEM pictures
show small particles, and they conclude it is an overall success in making YAG in a short
time.[52] Potdevin, et al. (2012) return to the use of urea as a fuel in a 2:5 molar ratio of
metal to urea. Their final product looks very porous in SEM images and the phase purity
contains a perovskite form of yttrium and aluminum oxides. They conclude their synthesis
is a success because of the high luminescent yield of this doped form of YAG and the short
processing time it took them to produce the material.[53]
Because of these papers and the previously mentioned factors, microwave
combustion synthesis has the same benefits as externally heated combustion synthesis, but
with the hopes of bolstering the process through more thorough and less demanding
heating. Investigations of this method were conducted to familiarize myself with the
concepts and properties of this approach.
Flame Spray Pyrolysis
Flame spray pyrolysis (FSP) is one of the more prolific methods used by industry
today for its high throughput.[54] This method differentiates itself from solution combustion
by using flammable organic solvents to host the metal ions and the aspiration of the solution
through a flame, as portrayed in Figure 4.[55] This promotes combustion and breakdown of
material in the flame resulting in a soot of product.
The precursor materials for viable flame spray pyrolysis are typically nitrates,
carboxylic acids, or acetylacetonates.[56] These materials dissolve readily in select solvents,
like alcohol and/or hydrocarbons, and decompose readily to oxides under proper flame
12

Figure 4 Diagram of the setup for a filter-capture flame spray pyrolysis setup. Here the example flammable mix of
metal nitrates and organic liquids is aspirated by a pre-mixed fuel-oxygen which are then ignited by a pilot light of
mixed propane and air. Residence time through a tube to allow for full combustion eventually leads to a filter for
particle capture.
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conditions.[55] Rosebrock, et al. (2016) found that residence time in the flame also dictates
the ‘proper’ outcome for the product to yield spherical particles.[57]
A recent review described FSP as “manufacturing of nanoscale materials by flame
more attractive compared to the alternative classical wet-chemistry” touting its large-scale
applications.[56] S. Pratsinis in another paper[58] details the seven points of flame spray
pyrolysis which lend it to being the ideal method for nanoparticle syntheses: 1) continuous
flame spray requires simple and few unit operations (e.g. burner, tubing, valves, etc.) which
enables a short and fast processing chain, 2) powder collection by filtration is an integral
part of the manufacturing process, 3) little to no waste is produced by the process, 4) high
purity metal oxides products without any organic contaminants can be made, 5) unique
morphologies can be made, like those for high surface area applications, 6) the short length,
high temperature gradient can produce metastable crystal phases, and 7) flame and aerosol
processes are well defined classically, reducing the need for experimental trial and error.
YAG has been reported several times in the literature and one of the earliest and more
comprehensive is from J. Marchal, et al. (2004) where they explore the effects of different
starting materials (metal nitrates and metal-organics like acetylacetonates, propionates, 2ethylhexanoates, and methoxyacetate) and solvent mixtures upon the resulting YAG
powder. They find that both of these components play a critical role in the powder
production, giving large micron-sized spheres in the case of the nitrates, and a very fine
powder in the case of proprionates and acetylacetonates. Metal-ion concentrations were
reported to be less than 0.1M concentration based on yield percentages. Initial calcination
studies show a myriad of combined yttrium and aluminum monoclinic and perovskite
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phases. After annealing, these phases are reported to convert to the garnet phase, but no
other XRD patterns are shown, expect for one sample which showcases a myriad of
crystalline phases.[20] J. S. Lee, et al. (2009) report a novel approach to make YAG using
the metal nitrates dissolved in ethanol with the addition of concentrated urea. The ratio is
0.1 molar metal ions stoichiometrically mixed to YAG (3:5 yttrium to aluminum) to 3
moles of urea. They have done this to act as a fuel and aid in combustion in the flame. XRD
patters show a predominant YAG phase of the powder, with some other phases present.
SEM images show the particles are consistently 20 nm in size.[59] A. Purwanto (2014)
corroborates the work of Lee, et al. using a fuel-assisted spray pyrolysis and compares it to
a sample with no urea at combined metal ion concentrations of 0.1 molar. They show a
significant size reduction from micron-sized particles without urea to sub-50 nm particles
with the addition of urea. The drawback to their work is the significant phase impurity they
recorded in XRD patterns.[60] These papers highlight that it is likely better to avoid fuelassisted syntheses and use a organic mixture at more dilute concentrations.
Because of these enticing characteristics and a promising literature survey, flame spray
pyrolysis will be explored for its capability to produce YAG. Evaluation of its procedures
and costs will help determine how it compares to other methods.
Precipitation
This is a broad approach, chemically defined as the formation of a solid from a
supersaturated solution. Precipitation is widely used for the formation of a solid from
mixing two solutions together, as can be seen in Figure 5.[61] Classic examples of this are
lead (II) iodide, silver (I) chloride, and barium sulfate which are commonly used as
15

Figure 5 Setup of a drop-wise precipitation with a focus on the drop from the metals coming into the precipitating
solution and resulting in the particles. Full addition eventually results in a suspension of particles.
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standards for solubility products, electrochemical investigations, and introductory
chemistry experiments.[62-67] This method extends beyond inorganic materials to include
organic precipitations[68][69] and precipitations of materials within alloys[70]. The focus of
this overview will be on inorganic precipitations that can be treated by post-processing to
yield metal oxides.
One of the benefits of precipitation is the wide selectivity of precipitants that can
be used. To produce oxides, commonly carbonates[71][72] or hydroxides[73] are used because
of their low cost and simplicity. Alternatives like carboxylates[74], urea[75], or amines[76][77]
have been pursued. Another variable which can be manipulated is the solvent the reaction
is taking place in. If a solvent is chosen which the product is less soluble in than others,
like water, this is commonly known as antisolvent precipitations.[69][78]
Typical methods of introducing the two solutions together, a precipitant and a metal
ion solution, require a dilute concentration of metal ions which ensures discrete nucleation
to make nanoparticles. This has been a limitation to the precipitation approach and attempts
to push beyond low concentrations result in agglomerated particles.[79]
Experiments involving precipitation were pursued because of the ability to
manipulate conditions involving solvent, precipitant, and concentration. Particular
attention will be paid to the expected shortcomings and what has been done to bolster this
system to overcome those. An assessment of these will be useful in comparing it to the
other methods.
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Hydrothermal
High temperature and pressure processing in the cases of hydrothermal,
solvothermal, and autoclave syntheses can promote novel reactions that are typically not
attainable through conventional means.[80] The mechanism for producing nanoparticles is
similar to that of precipitation requiring tenth to hundredth molar concentrated metal ion
solutions and different types of precipitants to make materials.[18]
There are two approaches for hydrothermal synthesis to make nanoparticles: one
where the particles are formed before proceeding into a hydrothermal treatment, and
another where the materials are precipitated under hydrothermal conditions.[18] The first
approach benefits from the ability to separate materials from solution before treatment,
avoiding halogens, nitrates, or incompatible solvents from degrading the hydrothermal
reactor and to promote certain morphologies by allowing for aging time for structures like
zeolites[80] and pre-mixing of metal-organic-frameworks[81]. The second approach is a onepot synthesis and reduces the number of steps and materials needed.

Small scale

approaches can be performed using a hydrothermal reactor, relying on batch-wise
syntheses, as shown in Figure 6.[77]
One of the earliest instances of YAG synthesis by the hydrothermal method was
not looking for nanoparticles, but actually microparticles as efficient phosphors. Takamori
and Lawrence (1986) used citrate precursors and a concentration of 0.4 molar to make
YAG particles that were purposefully large. They investigated the effects of seeding to
promote the growth of particles, along with a control with no seed powder, and found that
seeding led to larger particle, likely from nucleation sites on the seeds.[82] L. Xia, et al.
(2004) demonstrate a mixed alcohol/water system to make nanoparticles of YAG by
18

Figure 6 Hydrothermal setup of a reactor, pre-loaded with precursor, in a muffle
furnace to give a final powder.
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hydrothermal synthesis. They do not detail final concentrations, but the particles resulting
from the setup were consistent and spherical with a refined garnet structure.[83] Syntheses
using supercritical water have also shown great utility in producing YAG nanoparticles.
W. Linxiang, et al. (2010) report using high temperature close to 400°C to make crystalline
nanoparticles of YAG after synthesis of an yttrium and aluminum carbonate precursor.
They were curious about the effects of time on the experiment’s results, leaving some
samples in for up to 12 hours. No real change was noted in the particles except for a slight
migration to marginally larger particles at longer time intervals. Concentration is not given,
but the SEM images show particles are greater than 100 nm in size and morphologically
has flat, crystalline faces.[84] These syntheses lay a decent foundation of what to expect
from hydrothermal treatments. While the special apparatus for supercritical phases may
not be feasible yet, the research shows that this may be a worthwhile route if funding
permits.
Because of its capability to produce oxides from introduced materials, this method
will be explored. Evaluation of its batch-wise capabilities and reactor heat limitations will
give valuable experimental reference material for how it compares against other methods.

Evaluation and Expansion of the Process Criteria
As mentioned previously in the introduction, Darr, et al. (2017) laid out a broad set
of criteria which would be useful for comparing nanoparticle synthesis methods.[18]
However, some of these points are too broad and nuance is lost for a sufficient comparison.
The original points are verbatim from the paper and comments follow about how these
should be refined into more detailed guidelines. Darr states that “any viable and safe
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process of high-quality nanomaterials should preferably display the following
characteristics:”
1. Allow controllable manufacture of homogenous nanoparticles (<100nm diameter
particle) with desired composition and characteristics
This point may be broken up into the two points of composition and characteristics to
better gauge properties such as stoichiometry and morphology of nanoparticles produced.
2. Be energy and resource efficient (i.e. avoids the use of wasteful organic solvents or
large amounts of energy and ideally uses a green solvent such as water)
Efficiency may be broken up into three separate points regarding energy, cost, and
yield. Energy is taken directly from Darr’s point, but resource can be broken into cost and
yield because resource efficiency is defined by how well it works and how much it makes.
An underlying point of these which may not be obvious is time efficiency which
contributes to both cost and yield.
3. Be fast and flexible and use relatively few steps (preferably a one step or rapid
process)
Time and adaptability are two key considerations for a process. Being able to rapidly
produce product is ideal. Adaptability to changes in the process or product demands make
any process stand out. This point may be broken up into two separate points about
flexibility and number of steps. Time, taken from the concept of being fast, will be partially
included with the previously mentioned efficiency points and represented in the number of
steps a method takes.
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4. Should possess consistent quality with ideally no batch-to-batch variations (e.g. as
in a continuous process)
This point highlights two critical criteria which may be separated: product quality and
continuous flow. Reproducibility is highly desirable for any process and should be
paramount if the technique is to be viable. Product quality also implies the potential of
residues or contamination, which can be carried over from precursors and should be
considered. Continuous operation makes a process much more appealing for industrial use
and time is critical here too for a fast and efficient synthesis.
5. If possible, should allow constant ‘in-process’ or ‘in-line’ monitoring for quality
control measures
This is a difficult point to gauge after an initial reading, but this is very pertinent to
follow a synthesis and works well in conjunction with a continuous flow system.
6. Allow flexibility to affect or control particle attributes by changing process
conditions, for example, pressure, flow rate, temperature, etc.
Flexibility appears again as a criterion emphasizing how critical it is to Darr and the
other researchers.
7. Give access to unique nanomaterials that are difficult to make using other methods
(unique phase compositions, unique combination of particle properties)
Alternate materials are great to showcase the versatility of an approach, but this point
can fit into the concept of flexibility.
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8. Should minimize hazards to workers or end users, for example, process being of
minimal internal volume or readily shutdown in an emergency, or produce
nanoparticles that cannot be readily inhaled by the process operator
Hazards and waste are both critical attributes to consider because how they can impact
the usefulness of a process. These should be two points to consider on their own.
To summarize the points derived from Darr’s initial list in the order which they
were realized, the process should:
1. Have nanoparticles that meet desired composition
2. Have nanoparticles that meet desired characteristics
3. Be energy efficient
4. Be cost efficient
5. Be yield efficient
6. Be flexible
7. Have a minimum of steps
8. Have a product that is reproducible
9. Ensure residual contamination is eliminated
10. Be capable of continuous production
11. Have the ability to be monitored ‘in-line’
12. Have minimal hazards
13. Have waste and disposal that are manageable
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These expanded points can be seen in a table in the next section. Broadening the
characteristics will bring out more of the nuances that each of the processes should have
and be the best gauge for determining its advantages and drawbacks.

Summary of the Literature Survey
The above six methods were to be explored to understand each one’s unique
capabilities for the synthesis of yttrium aluminum garnet nanoparticles. Based on the
literature survey, there are shortcomings and benefits to each route and the resulting
powders. This necessitates replication in the lab so a greater understanding of these
approaches can be reached.
Using the criteria laid out by Darr, et al. (2017)[18] listed in the introduction, a
preliminary table was constructed to help compare the multiple techniques and better gauge
their strong points and weaknesses. Table 1 will be refined in the future sections as methods
are refined and experimental experience focuses the synthesis candidates. In the table a 
means that that it meets the criterion, - means that it might meet the criterion in some
circumstances, and  means that it struggles to or fails to meet the criterion. These were
attempted to be shown in the best light and given the benefit of the doubt that they could
perform in certain ways.
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Table 1 Expanded Darr criteria applied to the techniques and reflecting the
literature.
(In regard to oxide
syntheses)

Product meets
desired
composition
Product meets
desired
characteristics
Process is
Energy
Efficient
Process is Cost
Efficient
Process is Yield
Efficient
Process is
Flexible
Process has a
Minimum of
Steps
Product is
Reproducible
Residual
Contamination
Elimination
Capable of
Continuous
Operation
Process can be
Monitored InLine
Process has
Minimal
Hazards
Waste and
Disposal are
Manageable

Ball
Milling

Combustion
Synthesis

[25][80-82]

[37][41][83][84]

Microwave
[21][47][85]

Flame
Spray
Pyrolysis

Precipitation

Hydrothermal

[2][17][58]

[18][76][88]

[53][55][86]

▬▬ 
 ▬ 
  
 ▬▬
 ▬ ▬
    ▬
  
  
 ▬▬
    
    
 ▬  ▬ ▬
  ▬


▬

▬







▬


Yes No Maybe

 ▬
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CHAPTER 2
ANALYTICAL EQUIPMENT
Scanning Electron Microscopy (SEM)
A Zeiss Auriga Cross Beam FIB/SEM was used to characterize the products’
morphology and size. A Phenom Pharos G2 Desktop FEG-SEM was also used when
available.
Transmission Electron Microscopy (TEM)
A Zeiss Libra 200 HT FE MC was used for a closer and clearer look at particle
size.
Inductively Couple Plasma Optical Emission Spectroscopy (ICP-OES)
An Agilent 5110 was used to determine residual metal content of reaction effluent
and determine the concentration of metals. The latter was replaced by pyrolysis because
of the higher accuracy.
Fourier Transmission Infrared Spectroscopy (FTIR)
A Thermo Scientific Nicolet iS50 FTIR spectrometer was used to characterization
of carbonate and organic content to track residual carbonaceous material after
calcinations and determine effectiveness of those calcinations.
Thermogravimetric Analysis (TGA)
A TA Instruments Q-50 TGA was used to record weight loss of samples as a
function of temperature with a constant heating rate. This was useful for acknowledging
26

when decomposition of certain materials was and great for tracking the residual organic
content that persists after some calcinations.
Powder X-Ray Diffraction (PXRD)
A Malvern Panalytical Empyrean PXRD was used to analyze the diffraction
pattern of amorphous and crystalline materials to look at phase purity and determine
crystallite sizes.
An Olympus BTX-II benchtop XRD was used when available for scanning of
powders and obtaining patterns.
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CHAPTER 3
EXPERIMENTAL CHRONOLOGY
Ball Milling/Mechanochemistry
This work was some of the earliest the author contributed to. Investigations were
underway well before, but this portion of work takes place in 2016 and 2017. As previously
mentioned, ball milling was performed in a planetary ball mill because of the benefits it
has to grind material in a shorter time and with higher energy than traditional tumble
milling or grinding. Previous laboratory members have covered this work in greater detail
with our groups’ contributions to the field of mechanochemistry.[92][93] Their experience,
guidance, and cooperation were beneficial for evaluation of this technique and
understanding its candidacy for improvement. The simplicity and ability of using simple
oxide starting materials set ball milling apart from other methods, with the option for
addition of solvents and the ability to manipulate variables like RPMs, density, and ball
size.[85]
Our group’s previous work used a garnet known as gadolinium aluminum gallium
garnet (GAGG) as the target material. The properties of YAG and GAGG are physically
similar, as shown in Table 1. Because of this, the experiments on GAGG are considered
analogous and included in this chronology. The author’s contributions were mainly
computational, evaluating the Burgio equation[32] and using it to correlate with the physical
phenomenon seen in the experiments. Described herein are the experiments and a brief
look at the computation contributions.
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Table 2 Comparison of the physical properties, which pertain to milling, of YAG and GAGG

Yttrium
Gadolinium Aluminum
Aluminum Garnet
Gallium Garnet (GAGG)
(YAG)
Mohs
Hardness
Density
Symmetry
Space
Group

8.0

8.0

4.55
Cubic

6.63
Cubic

𝐼𝑎3̅𝑑

𝐼𝑎3̅𝑑
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Materials
Gadolinium oxide (Strem 99.99%), aluminum oxide (Strem Chemicals, 99.99%), gallium
oxide (Strem Chemicals, 99.99%), and cerium (IV) oxide (Strem Chemicals, 99.99%) were used
in the synthesis of GAGG.
Apparatus
As described previously, a Fritsch Pulverisette 7 planetary ball mill was used to grind the
material using balls and cup from Fritsch. These balls and cups were made of either silicon nitride,
zirconium oxide, or tungsten carbide and the milling media of the same type was paired with the
cup. Because of the weight limit, the heavy tungsten carbide cup was limited to 600 RPM to
prevent damaging the machine.
Procedure
Oxides were weighed out individually and added to the cup with the number of balls
specified by the manual. Typically, the 10 mm balls were used and seven of those were added to
their respective cup. The cups were placed into the machine’s slots and milled at a chosen RPM
and for a selected time. After milling, the cup had to be left in their holders because of how hot
they got. After this the balls were removed and a majority of the powder could be collected.
Early research was performed to help in predicting the results of milling with different
media and the effects on energy imparted into the system using the Burgio equation. A more
condensed version of the equation was derived and used to predict the total energy in a system
over a given time. The formula that was derived from the Burgio-Rojac equation can be seen in
Equation 1. Here Ej represents the energy in joules, d is the ball diameter, D is the density of the
vial and balls, SD is the main disc speed in RPMs, sc is the speed of the cup in RPMs, and W is the
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diameter of the cup. Graphical representations of this can be seen in Figures 1 and 2 where the
diameter of the balls is varied or the speed. As can be inferred, the tungsten carbide balls being the
densest, impart the most energy per impact. This correlated well with the times for synthesis of
GAGG and other materials and are explained more in depth in the dissertations of K. A. McDonald
(2018)[1] and M. N. Bailey (2019)[2]. In summary, the heavier the weight of the milling balls, the
higher the energy predicted and results showed shorter synthesis times for both gadolinium
aluminum gallium garnet and lutetium oxyorthosilicate. This was attributed to the more dense
grinding balls imparting more energy per impact.
𝐸𝐽 =

𝜋𝑑3 𝐷𝑆𝐷 𝑠𝐶 (𝑊−𝑑)
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[−

𝑠𝐶2 (𝑊−𝑑)
2
𝑆𝐷

− 2𝑅]

Equation 1

As these studies were conducted, the degradation of the balls and cups became apparent.
Balls showed signs of pitting, cups were losing their straight sides, and some samples showed signs
of detectable contamination, as seen in Figures 3 and 4. Working life of the cups was not studied,
but other researchers estimate the cost being half the price of operation of the apparatus to replace
worn components.[87] Further, there are ‘blind spots’ in the cups where balls are unable to reach
material residing there which can lead to residual starting materials.
Conclusion

Ball milling was an extremely enticing method because of its simplicity. The issues
resulting from contamination are just too difficult to overlook when the milling materials constitute
a significant portion of experimental cost and are so short lived. Contamination may not be an
issue for organic syntheses that use ball milling because of the lower power needed to break
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Figure 7 Two graphs, the top showing balls of 10mm and their impact energy and the
second graph showing balls of 20mm diameter.
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Figure 8 The effect of RPM speed on the amount of energy imparted per impact.
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Figure 9 Worn out tungsten carbide (top left), zirconium oxide balls (top right), and silicon nitride (bottom row).
Reprinted with permission.[1]

34

Figure 10 Degradation of tungsten carbide milling media results in stark black contamination of normally white-green
GAGG powder after milling for 10 hours. Reprinted with permission.[1]
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material up and the ability to dissolve material away from the inorganic contaminants.[94]
For oxide materials being milled with either a nitride, oxide, or carbide, there are no simple
ways to remove these from the powder. Because of these factors, ball milling was going to
exceed budget and presented a much more significant challenge than originally thought
and not pursued any further for the synthesis of nanoparticle oxides. An alternate method
of synthesis was sought, ideally something simple in nature that would have limited
chemical interaction to limit contamination. Our group settled on solution combustion
synthesis, which will be described in more detail in the next section.

Solution Combustion, Template Assisted, and Microwave Assisted
Combustion Synthesis of YAG
Introduction
This portion of work extended throughout 2016 and into 2017, performed
concurrent to the ball milling studies. As previously mentioned in the Introduction, solution
combustion is a method which uses a fuel to promote high temperature synthesis of
materials. This paper’s main focus is oxides, but it has been successfully used in the
synthesis of sulfides[95] and metals[96]. Regarding oxides, numerous sources summarize the
work performed by other groups, with the review by Varma, et al. (2016) being a
particularly useful resource.[37] Books by Patil, et al. (2008) and Rogachev & Mukasyan
(2014) and a chapter by Aruna (2010) also aided greatly in the overview and understanding
of the field and current state of research at the time this research was undertaken.[38][97][98]
Similar to the traditional combustion synthesis is the use of a template to produce
powders. The proposed mechanism taking advantage of the pores and pockets within a
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sacrificial material to host the liquid and promote the formation of discrete particles. In
these syntheses, polymers or another material that can be burnt off at elevated temperatures
are employed as the sacrificial material.
Alternatively, the use of microwaves was explored to study the effects of its heating
method on the powders developed.
This section will comprise traditional solution combustion synthesis, template
assisted combustion synthesis, and microwave assisted solution combustion synthesis. For
the reader’s benefit it may be pertinent to note that solution combustion synthesis is
arguably a subset of sol-gel combustion and similar to foaming techniques like steric
entrapment and the well-known Pechini method. The commonality between these being a
fuel or additive is used to assist in foaming and forming discrete nanoparticles. Hopefully
this will assist others in their research if they choose to pursue one of the techniques.
Materials
Yttrium nitrate (Y(NO3)3•6H2O, Strem Chemicals, 99.99%), aluminum nitrate
(Al(NO3)3•9H2O, Alfa Aesar, 99.999%), Cerium nitrate (Ce(NO3)3•6H2O, Strem
Chemicals, 99.99%), urea (Alfa Aesar, 98%), hexamethylene tetraamine (hexamine, Alfa
Aesar, 99%), hydroxylamine sulfate salt (NH2OH•H2SO4, Eastman Kodak, 98%), and
deionized water were all used in the synthesis of YAG from solution combustion.
Apparatus
Solutions were prepared in a CoorTek ceramic dish because of its high temperature
stability and non-reactive glaze. Several MTI KSL-1100X furnaces were used to heat and
perform the reactions.
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Procedure – Solution Combustion
Nitrates of yttrium, aluminum, and cerium were individually weighed out while
attempting to take into account for the water content and dissolved in water together to
make the stoichiometric proportion of YAG. Enough of the solution was added into a
CoorsTek ceramic dish to make 5 grams of powder and mixed with fuel right before being
placed in the furnace. Fuels used were urea and hexamine because of their common use in
the literature and hydroxylamine sulfate salt as a novel fuel for comparison to the two
known and traditional fuels.
The furnace was preheated to 650°C, into which a ceramic bowl containing the
homogenous mixed metal ions and fuel was placed to boil down and react. A portion of
the resultant powder was then sintered in a microwave kiln for seven minutes to produce a
crystalline material for XRD analysis and SEM imaging.
Procedure – Template Assisted Combustion Synthesis
An alternate templating method employed Grade 40 Whatman quantitative ashless
filter paper and imbued it with a mixed solution of the metal nitrates and fuel and dried in
an oven at 60°C overnight with constant air flow. The next day the filter paper was ignited
and allowed to burn through to create the desired powder.
Procedure – Microwave Assisted Combustion Synthesis
Microwave assisted solution combustion was also attempted using a Panasonic NNSN661SAZ 1200W microwave. Solutions were mixed as in the traditional method, but
instead of being placed in a preheated furnace, the solutions were boiled down and
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combusted in the microwave cavity. This usually took >30 minutes because of the water
to be boiled off and heating up required for combustion to take place.
Results
Traditional synthesis was finished in the furnace in under ten minutes and the
powder had cooled enough to be handled. A urea based combustion synthesis done outside
of the furnace can be seen in Figure 11 to show the boiling and decomposition of the
mixture over a Meker burner, resulting in a skeleton of the oxide powders. The XRD
patterns of the traditional powder made with urea, hexamine, and hydroxylamine sulfate
salt can be seen in Figure 12. These patterns matched the standard with no obvious
secondary phases present.
The three syntheses may not differ much in XRD, but in the SEM images compiled
in Figure 13 dramatic differences can be seen. The material from urea-based synthesis has
the most sphere-like particles, but they are all necked to neighbors forming hard
agglomerates. The hexamine sample has large particles with no distinguishable
nanoparticles comprising the larger pieces. This may be due to the higher heat of
combustion that hexamine is known to have per mole of material caused densification of
the particles. Last, the hydroxylamine sample shows some porous material and thin flakes.
These materials do not match the nanoparticles shown in the literature and deviate
significantly from the promise of acceptable nanoparticles.
The shortcomings of the traditional method to produce viable product initially led
to the use of a template method. The idea is that the filter paper to provides a backbone and
pockets for particles to form in during the reaction. Pictures from this synthesis can be seen
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Figure 11 Traditional combustion synthesis performed over a Meker burner for easier viewing.
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Figure 12 XRD pattern of the results from the combustion syntheses which have been sintered in a furnace at 900°C
to obtain a crystalline pattern. A YAG standard from NIST is referenced for comparison.
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Figure 13 SEM images of the results from combustion syntheses. Only the top left urea image is a 200nm scale bar, the
others are 1 or 2 µm scale bars.
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in Figure 14 showing the already ignited filter paper as the flame front travels across the
paper. The unexpected resulting carbon left over was too difficult to remove from the
powder, leading to the need for another method.
Microwave heating was suggested as an alternative to furnace heating because of
its ability to heat more thoroughly. The synthesis mimicked the urea-YAG mixture from
the furnaces and was heated in the microwave to drive off water and eventually lead to
combustion. Resulting from this synthesis is a powder similar to that of the traditional
synthesis and in Figure 15 is an XRD pattern which has significant presence of secondary
phases. This represented a less than desirable outcome. Further, the use of a microwave did
not reduce the effects of the corrosive gases, as shown in Figure 16 of the ejection of
powder from a reaction, the high temperature breaking the floor of the microwave cavity
and exposing the underlying microwave stirrer, and corrosion of the steel on the back wall
of the cavity.
Also evident in Figure 16 is the colored powder ejected from the reaction, which
demonstrates the high temperatures were capable of sintering the YAG:Ce. The high
temperatures prevent phases from rectifying and sequester material from the desired phase
and make it difficult to achieve a bulk material from phase-impure powders. Another
difficulty is the batch-wise nature of this technique which limits production of larger
quantities and requires larger apparatuses to produce material in amounts that can be used
for studies of ceramics processing from a consistent source.
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Figure 14 Pictures of a cellulose filter paper imbued with a metal nitrate and urea solution. The flame front can be seen
travelling across the experiment.
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Figure 15 XRD pattern of the microwave assisted combustion synthesis using urea.
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Figure 16 Example of the corrosion and wear from repeated use in microwave assisted solution combustion
synthesis experiments.
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Conclusion
In this section combustion synthesis was attempted using three different
approaches, but ones that share the same basic methodology of using a fuel mixed in a
metal ion solution to promote a vigorous reaction once boiled down and exposed to high
temperatures or consistent heating. None of the methods attempted lived up the simplicity
promoted in the literature and proved to be more laborious than expected.
Morphologies were not consistent among samples produced with different fuels in
attempts to find an ideal additive that would work similar to literature. XRD patterns for
those produced by microwaves were found to contain secondary phases that represent
species segregation in the sample. Further, the noxious fumes from the reactions corroded
several furnaces and two microwaves which represents a significant financial investment
for most labs. These results are not useful for producing nanopowders which can be used
in the densification of powders to make bulk ceramics. Because of this, these methods were
no longer pursued, and resources were diverted to another technique that could potentially
produce powders that are workable in a larger quantity.

Flame Spray Pyrolysis for the Synthesis of YAG
Introduction
Work performed in this section was undertaken in 2018 to 2019. A major portion
of this work was done in a private lab which cannot be reported on because of a
nondisclosure agreement. However, the work from this lab can be noted.
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As mentioned in the introduction, flame spray pyrolysis (FSP) is one of the more
well-known syntheses to produce simple and complex oxide nanopowders.[53] Researchers
tout its high throughput capacity and simple methodology as the key reasons it is applicable
for larger scale applications.[57] We had the good fortune of collaborating with notable
researchers in the field and using a machine designed by them to produce some materials
under more refined circumstances. From this experience we endeavored to explore FSP
even in a rudimentary fashion, with off the shelf parts to cobble together a setup capable
of mirroring the general approach noted in the literature.
Described here is the initial attempt to build a flame spray apparatus from off-theshelf parts with minimal modifications and results compared to material produced by an
industrial machine. Finally, a closer look at the powders produced and comparison of their
morphologies to see how these results align with the expanded criteria were made.
Materials
Yttrium nitrate (Y(NO3)3•6H2O, Strem Chemicals, 99.99%), aluminum nitrate
(Al(NO3)3•9H2O, Alfa Aesar, 99.999%), Cerium nitrate (Ce(NO3)3•6H2O, Strem
Chemicals, 99.99%), isopropanol (Fisher Scientific, HPLC grade), diethyleneglycol
monobutylether (DEGMBE, Sigma Aldrich, 99%), 2-ethylhexanoic acid (2-EHA, Sigma
Aldrich, 99%), n-xylene (Sigma Aldrich, 99%), and deionized water were used to make
the component mixtures for the FSP stocks solutions.
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Apparatus
A Meinhard Type-K ICP nozzle was setup to receive the liquid stream of the FSP
precursor and mixed flow of gases to aspirate the liquid. Two centimeters away from the
nozzle tip a Bunsen burner was positioned to provide a pilot light to help maintain a flame.
Liquid is flowed to the nozzle by a Cole-Parmer peristaltic pump with LS 13 tubing.
Following the nozzle is a Pyrex glass tube which tapers to a 5cm opening to fit to
a MetroVac Datovac vacuum cleaner with a linear flow body. A medical ankle wrap was
affixed to flow cold water around the body of the vacuum cleaner to limit high temperature
exposure of the vacuum motor. Cooling was done with an ActiveAqua water chiller and
aquarium pump. The outflow of the vacuum cleaner is directed through a flexible steel wire
wrapped tube to meet a trunk line of the fume hood system.
Material resulting from the pyrolysis was collected by a 0.2 µm paper vacuum bag
stuffed with fiber glass for dispersing heat and to provide ample surface area for the
capturing of particles which entered.
The general setup can be seen in Figure 17 showing the nozzle and burn area. The
top portion of the picture concerns the testing of an isopropanol solution to modify flow
rates and test burn safety. The lower picture is the nozzle in use attempting to make YAG.
The need to aspirate to form the droplets of flammable precursor containing solution led to
the use of a ICP nozzle. This nozzle’s nebulization relies on gas flow to propel the droplets,
and this gas can be made from a premixed fuel, like oxygen and hydrogen to make a highly
exothermic flame. To keep the flame alight a pilot light of air/propane was used. For safety
and containment of the flame, a long, wide Pyrex tube was used to direct the air flow and
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shield surroundings from the fire. Produced gases were drawn towards a vacuum to capture
the particles. Flow of the solution was moderated with a peristaltic pump using LS 13
tubing for a low flow so as not to overwhelm the nozzle.
Procedure
Following the solvent system defined by Strobel and Pratsinis (2015), metal nitrates
of yttrium, aluminum, and cerium were individually dissolved in water and analyzed for
concentration by ICP.[54] These were then combined in the ratio for YAG
(Y2.98Al5Ce0.02O12) intended to make a desired amount of powder and boiled down in a
large boiling dish to create a viscous syrup and reduce water content. After cooling
completely, ethyl alcohol was added while stirring the viscous metal nitrate syrup until the
mixture was homogenous. Following this DEGMBE was added, followed by 2-EHA, and
finally n-xylene in a 2:1:1:1 ratio of alcohol, ether, carboxylic acid, and xylene.
This was either used immediately or sprayed a month after the preparation. Phase
separation was evident after sitting for the month, so extra alcohol was added to
homogenize the solution and prolong the shelf life of ready-made solutions. After a long
enough time, the total amount became a 3:1:1:1 ratio before it was used.
Results and Discussion
A ready-made flame spray apparatus costs as little as $25,000, which is more than
an exploratory investigation would like to commit. The apparatus used was modular in its
setup due to the use of off-the-shelf parts. This setup did struggle with particle capture,
which is not an unknown problem to the flame spray community. The dissertation of a N.
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J. Taylor (2015) and their group’s investigations of an electrostatic collector, “current
[collector] design offers the collection efficiencies which peak at 70% and often dip below
50%.”[99] This corroborates the difficulty this field has with particle capture, coming from
a student of one of the major research groups for FSP in the United States. Other
researchers have also noted the difficulties with particle capture from this method, with
optimal conditions also having 70% collection efficiency.[53][100][101]
Dissolving of the metal nitrates and homogenization with alcohol presented an interesting
problem if the solution was not cooled entirely. The alcohol was readily attacked by the
nitrates to make nitrate esters in a runaway exothermic reaction that several precursors
were lost to. As shown in Figure 18 is the result of one of these runaway reactions that was
not cooled completely. Please note the drenched pig mat that was laid down in case of this
event to absorb liquid and contain the spill and make clean up easier. Not shown in this
picture, because of sudden reactivity, is the initial bubbling and evolution of brown NOx
gas which preempts this event. The stark yellow color of the solution is attributed to
residual NOx dissolved in the liquid. Chapter 5 of the book Liquid Explosives notes that
this reaction is not unusual and common and wanted for other energetic applications.[102]
Analysis of the resulting product was never performed to determine if the product was the
nitrate ester.
Another point of interest was the separation of the solution as it sat for any period
of time, two layers could be seen. This might be due to a catalytic reaction of the alcohol
and carboxylic acid with the cerium catalyzing an esterification.[103] Addition of alcohol
would merge these two layers temporarily, but as it continued to sit the layers would
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Figure 17 Top is a picture of testing the nozzle's flow with alcohol to simulate the
FSP mixture. Bottom is the nozzle in position of the setup spraying the FSP
mixture through the pilot light and down the tube to the filter
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separate more distinctly than previous, and this would continue until used. No analysis was
performed on the two layers except a crude evaporation to confirm that metals had migrated
into both layers. It was determined that solutions should not sit and should be prepared
immediately before use, so separation does not occur.
Regarding results from the spray pyrolysis, Figure 19 shows a compilation of SEM
images from our lab’s homemade apparatus. The materials, while nano in size were
agglomerated and jagged. This is not ideal for the spherical material desired. Further, this
material was recovered from the walls of the spray tube because little to no noticeable
quantity was collected in the vacuum bag, likely due to how hot the particles were to melt
through the bag, fused to the fiber glass, or their size limited the ability of the filter to
capture them. Not enough material was obtained to get a discernable PXRD pattern.
For the professional, industrial grade apparatus, SEM images results can be seen in
Figure 20. Many of the particles are spheres, but there are some which are not completely
spherical in morphology. Also, the size distribution is not entirely consistent as can be seen
by the larger spheres surrounded by smaller ones. Figure 20’s upper left image shows a
large cluster of spheres which makes the inconsistent size distribution more apparent.
Conclusion
This technique is quite simple in its approach and execution: dissolve metal ions in
a flammable liquid, nebulize, and ignite to achieve discrete particles. The basics of this
techniques have been well studied and groups continue to investigate improvements and
variations of it to broaden its reach and applications. In our group’s studies this technique
fell short to meet an ideal method because of how dilute the solutions had to be to achieve
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viable spray and the inconsistency in particle size. Industrially produced powders have
limitations regarding homogenous size distributions, but they convey the promise of this
technique better than our attempt.
Further, safety of the homemade apparatus left a lot to be desired and only a couple
runs were performed because of fears involving the mostly contained flame, temperature
of the vacuum cleaner used to promote air flow to the filter, and limitations of particle
capture. Safety in the solution preparation was also a concern with the boil overs resulting
from additions of alcohol. For these reasons, this method was not pursued much further.
Ultimately, a method with a simpler preparation of materials, more uniform particle size,
and higher concentration tolerance in the method would be extremely beneficial. These
points will be explored by the classic method of precipitation.

Coprecipitation of YAG
Introduction
Work performed in this section took place over the course of 2019 into 2021.
Inorganic precipitations are a conventional technique for the synthesis of materials using
the combination of a metal ion and a specific anion to promote the formation of an
insoluble salt. In the case of YAG and other oxides, these cannot be produced outright by
precipitation, but intermediates for further treatment can be produced, unlike the previous
sections which were capable of producing oxides but had limited control of particle sizes
and morphologies.
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Figure 18 An example of a boil over if the solution was not fully cooled and
alcohol was added. The darker yellow color is attributed to dissolved NOx.
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Figure 19 SEM images of the particles produced with the homemade setup. Note
the jagged features and lack of any sphericity. This material was scraped from
the walls of the tube, not captured in the filter which may contribute to their
lack of sphericity.
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Figure 20 Particles prepared by a professional apparatus. These particles are
more spherical with some morphological outliers. The size can vary drastically
in these powders.
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Precursors in precipitation of materials to eventually make oxides can range from
oxalates[104], carbonates[105], and hydroxides[105][106]. Some techniques will use soaps as
well to take advantage of physical steric buffers to make nanoparticles.[107] Hydroxides
are not just limited to ammonium or sodium hydroxide, they can also be formed through
by heating urea[108] or amines[76][109]. This is one of the benefits to precipitation, the varied
approaches for precipitations of inorganic materials. For YAG specifically, ammonium
bicarbonate has the strongest literature presence because of its ability to buffer at the
ideal pH and low cost.[110]
The method of combining solutions is also known to play a role in the formation
of particles, with aluminum and yttrium have different insolubilities as pH increases. As
such, the technique known as a ‘reverse strike’ was used where the metal ions solution is
added to the precipitating solution.[106] This ensures a constant pH is maintained,
depositing the metal ions out of solution at the same time making them more
homogenous.
Researchers have also improved precipitation’s yield by using alcohol, ethanol or
isopropanol, which can broaden the window for complete precipitation by lowering the
solubility of metal species more than is seen in water.[77][111][112] Further, alcohols have
also been investigated for their benefits in dispersing freshly precipitated material
through an interaction with the surface hydroxides.[113]
YAG has been made by several methods, as mentioned in the Introduction
(Chapter 1), but here the exploration of alcohol’s influence on powder synthesis will be
examined. This section will explore the basics of coprecipitation of YAG using
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ammonium bicarbonate as the precipitant and ultimately evaluating how the product
meets the criteria of the chart laid out in the introduction in a summary section.
Materials
Yttrium oxide (Strem, 99.99%), aluminum metal (Alfa Aesar, 99.999%), cerium
nitrate (Strem, 99.99%), ammonium bicarbonate (Acros Organics, 99%), isopropanol
(Fisher Scientific, HPLC grade), water (Fisher Scientific, 18MΩ) were used in the
synthesis of carbonate precursors to YAG powders.
YAG precursor composed of metal nitrates was prepared by dissolving known
quantities yttrium oxide and aluminum metal in nitric acid to give specific quantities. A
solution of cerium nitrate was prepared previously and standardized via pyrolysis to get a
g (CeO2)/g (liquid) quantity to add the correct amount to the combined Y/Al solution.
Usually, these solutions were prepared to make 500g of YAG:Ce total and portions to
make 25g of oxide were taken to test larger quantity synthesis and know that all materials
can from a single, homogenous source. Solutions were then diluted to a mix of 50/50
water and isopropanol.
Initial reports indicate that dropwise precipitation can be done with a sufficiently
dilute solution, typically less than 0.1M, to make nanoparticles with the use of
ammonium bicarbonate. Hydroxide precipitations were avoided due to the gelatinous
nature of the hydroxides and not enough confidence that these would remain
unagglomerrated.[114]
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Apparatus
Figure 20 shows the precipitation setup. Overhead stirring by a PTFE agitator was
maintained at 1000rpm in a 2000mL beaker. A Cole-Parmer peristaltic pump was used
with LS13 tubing to draw solution through and to the precipitating solution at a rate of
10mL per minute.
Procedure
Two experiment types were conducted: one solely in water with the precipitant in
a 3:1 molar ratio to total metal ion concentration, and a second experiment where the
water was mixed with alcohol in a 50/50 ratio using the same excess of precipitant. All of
these were conducted in a ‘reverse strike’ manner where the metal ion solution is added
to the precipitant. This avoided segregation of insoluble species by preferential
precipitation of the yttrium first, followed by the aluminum as the pH increased.
The setup was initially primed with a mix 1:1 water and isopropanol and
following the conclusion of the metal solution, the lines were washed with the same
mixture. The solutions were gravity filtered and calcined in a muffle furnace. Heating
was done at a rate of 5°C/min to 650°C and held for 3 hours under air.
Results and Discussion
To test the effects of alcohol on the precipitation, samples were prepared both
with and without alcohol to similar dilution levels. One sample was even washed with
only alcohol. The samples which had alcohol showed no residual metal ions in the eluent,
whereas those which had no alcohol showed some aluminum had been lost, and the
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samples with no alcohol but washed with alcohol in the filter showed aluminum in the
original eluent, but none in the wash liquid. This corroborates what was seen in other
papers. Cerium was not recorded in this because its concentration would have been below
detectable levels after dilution.
Ammonium bicarbonate was used to precipitate the powder in water under rapid
stirring. SEM images of some of the samples can be seen in Figure 22. Because of the use
of carbonate, yttrium carbonate flakes can be seen as a major component of the samples.
This is likely due to the bulk addition of the metal ions via a drop which enable the
nucleation and sequestering of yttrium.[115]
The field of YAG syntheses has employed an alcohol-water mixture for
precipitations because alcohol can yield a finer powder by interacting with the surface
hydroxides. Particles in Figure 23 shows powder made by precipitation in a mixture of
1:1 alcohol to water. Compared to the previous water-only precipitation where large
flakes and agglomerates can be seen, this powder is less agglomerated, but still has some
large particles. These particles are mostly spherical in shape.
Conclusion
Dropwise precipitation has numerous variables to manipulate from the solvent
composition, concentration, method of addition, and precipitant. The addition and
influence of alcohol upon the synthesis of YAG was explored and demonstrated a stark
influence, reducing agglomeration and making more fine powders, consistent with the
literature. However, its need for low concentrations (<0.1M) of metal ions to make
nanoparticles is not ideal because of large volume of liquid that need be used. Further, the
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Figure 21 Diagram of the dropwise precipitation setup
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Figure 22 SEM images of precipitation of YAG in water with ammonium bicarboante
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Figure 23 SEM images of the water/alcohol precipitation powders

64

need for further processing of the carbonate powder inputs another step that
previous syntheses avoided. Ideally, there is a way to decompose the carbonate and
process the material into a hydroxide or oxide without modifying it or sintering the
powder. Hydrothermal will be explored in the next section to understand its influence
over these powders by potentially decomposing the carbonate.syntheses avoided. Ideally,
there is a way to decompose the carbonate and process the material into a hydroxide or
oxide without modifying it or sintering the powder. Hydrothermal will be explored in the
next section to understand its influence over these powders by potentially decomposing
the carbonate.

Hydrothermal Synthesis of YAG
Introduction
This portion of work was performed in spring of 2021. Hydrothermal processing
has developed into a common laboratory technique for the synthesis of powders and other
novel materials.[18] Mimicking geothermal processes, the high temperatures and pressures
can encourage reactions that might otherwise be difficult under traditional standard
temperatures and pressures. Subcritical processing is the most easily attainable, where the
solvent has not reached its critical point, but temperatures and pressures are near it.[116]
Under subcritical conditions, hydrothermal processing performs best as a
supplemental technique modifying powders derived from another approach. This soft
technique can be used as an intermediate step in the synthesis of a material by promoting
decoration, chemical modification, or changes via aging like size or morphology.[78][79][81]
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This technique was investigated to understand the impact it has on powders taken
from the previous section of precipitation and to address the carbonate residue that limits
processing of the powder into a full oxide. Simplicity of the technique and the low cost of
an apparatus made it an appealing technique and framed how useful this technique might
be to future syntheses. This portion of experimentation hopes to demonstrate our current
work on manipulation of powder with high temperature and pressure treatment.
Materials
Powders, which were prepared previously by coprecipitation, were treated in a
PTFE reactor. Please see the previous section for the materials and methods used to
synthesize the YAG powder treated herein. Powder was transferred to the reactor as
produced with its 1:1 water and isopropanol mixture and residual ammonium bicarbonate
to maintain pH. No washing or separation from the original solution was done.
Apparatus
A Baoshishan hydrothermal reactor with PTFE liner capable of holding 50mL of
liquid was used for the treatment of the YAG precursor powder.
Procedure
The reactor was placed inside a furnace and heated at a rate of 5°C/min to 240°C
and held for up to 24 hours. The reactor is rated for 6 MPa of pressure. Materials from
these reactions were calcined at 650°C for six hours or sintered at 1000°C for six hours
under oxygen. Heating rates were consistent between samples at a rate of 5°C/min.
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Results and Discussion
An initial test was performed for six hours on a sample of YAG prepared with ammonium
bicarbonate. A sample of 25mL of the precipitation suspension was taken and added to the
reactor. Below is the FTIR spectrum of the sample in Figure 23. The stretches are labelled
using literature sources.[117-119] The biggest difference between the precursor (blue) and
high temperature and high pressure treated sample (orange) is the development of distinct
carbonate stretches at 1500 and 1390 cm-1, the loss of solvent stretches in the 2800-3350
cm-1 region, and the presence of more metal-oxygen stretches and bends in the <1050 cm1

portion of the graph. This shows that the reactor promotes decomposition of NH4HCO3,

which is not surprising given that it decomposes at 42°C at atmospheric pressure. The
reactor also induces a change in the material by making more metal-oxygen bonds and
strong stretches of residual carbonate, indicating yttrium and aluminum carbonates remain.
Another sample from another newly precipitated sample was treated in the same
manner for 24 hours to see how the material is affected by more time. Figure 24 shows the
precursor with expected stretches and bends of untreated powder with water, alcohol,
unreacted bicarbonate and nitrate species evident in it. After treatment the powder was
centrifuged to separate it from the liquid and noticed to have split into two forms: one was
a translucent powder and the other was a dense white powder, these can be seen in separate
vials in Figure 25. The FTIR spectrum shows these two powders chemically different. The
translucent powder shows signs of being unreacted with evidence of nitrates, carbonates
and ammonium still present, meanwhile the more dense powder bears little to no
resemblance to the original precursor lacking any distinct stretches or bends.
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Figure 24 FTIR Stretches and bend of the hydrothermally treated powder
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Figure 25 Comparison of the precursor and hydrothermal powders which had segragated.
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Figure 26 Picture of the segregated powder.
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Continuing the study of this bisected powder derived form a singular precursor,
XRD analysis was used to look for signs of a crystal structure after it was calcined at 650°C
and after sintering at 1000°C. The XRD patterns of these two materials, calcined at 650°C
can be seen in Figure 27. In the powder pattern (orange) the peaks correlate to a mixture of
alpha and gamma phases of aluminum oxide. The yttrium species was not seen in the
pattern because it likely did not form a crystalline phase, but aluminum oxide is capable of
many different phases depending on synthesis conditions.[120] This might mean the material
has segregated and aluminum oxide has crystallized. The chunk material’s pattern (blue)
shows the same peaks, but with significantly less intensity, indicating is it more amorphous.
The XRD pattern of these two calcined 1000°C for six hours under air samples can be seen
in Figure 28. The resulting XRD patterns differ between the two pieces, but the phases
present are not known at this time, with only small portions of yttrium oxide and aluminum
oxide phases being present among the larger unknown peaks.
Because of the temperature range of this reactor, it is unlikely that the setup
benefited from supercritical fluids, which are known to decompose carbonates and calcine
materials in the case of supercritical water.[121] Further, supercritical alcohol is not known
to react with the reactants. Speculatively, residual nitrate may have played a role creating
an autogenous reaction and making some intermediary nitrates (NOx) which decompose
the carbonates to interact with the metal ion and then decompose themselves to leave the
oxyhydroxides behind.[119][122] Nitrates are known to decompose at 200-230°C at
atmospheric pressure and this reaction can be used for the promotion of autogenous
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Figure 27 XRD of the segregated powders calcined at 650°C
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Figure 28 Comparison of the hydrothermally treated YAG precipitants sintered at 1000°C for 6 hours
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autogenous reactions[120], but the mechanism under these conditions has not been
studied in much detail, likely because of the difficulty analyzing the reaction.
Conclusion
Hydrothermal treatments were chosen because they have been shown to promote
significant change in carbonate material and decompose carbonate more easily at lower
temperatures than traditional heating. This series of experiments was unable to meet the
basic conditions for hydrothermal or solvothermal treatments, so an alternate explanation
was put forth to explain the results. Regardless, this portion of syntheses has shown that
treatment via subcritical processing in a hydro/solvothermal setup has the potential to
decompose the carbonate at temperatures lower than that of traditional processing.

Experimental Chronology Conclusion
Experimental Summary
Initially ball milling was investigated because of our group’s familiarity with the
technique and the desire for a simple, fast, and concise technique that could yield highly
dispersed and uniform powders. Through experiments performed by lab mates and
investigations of energy imparted during milling it was found that the grinding media
would eventually contaminate the powder. This was so pronounced that it could be seen
with XRD analysis Figure 10 and could not be removed through some chemical processing
without degrading the powder. Degradation limits the working life of the grinding cups
and media and was shorter than is feasible for continued use.
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In the updated chart in Table 1 ball milling was evaluated generally poorly in most
of the criteria. Taking what was learned from ball milling and sticking to a simple approach
with minimal interaction with a container, limited chemical input, and a rapid synthesis
time. Solution combustion synthesis seemed like an ideal candidate, hopefully bypassing
the need for further processing that similar methods like the sol-gel combustion or steric
entrapment need.
The literature portrayed solution combustion synthesis as a simple approach where
the fuel and metal ions would react vigorously and leave you with a powder of discrete
nanoparticles and little to no residue if your fuel choice was proper. What was left out of
the literature was how aggressive these techniques were to any furnace or microwave as
they evolved off hot fumes that corroded heating wires, thermocouple, and the internal
cavity (Figure 16). Attempts to control the combustion by a templating method left too
much residue behind to make the powder viable. It was found to be a simple approach, but
after several furnaces and two microwaves were destroyed this was deemed too hazardous
and uncontrollable to continue.
In Table 3, the section for combustion synthesis and microwave are evaluated about
the same with some differences being about waste disposal since microwave struggle to
promote a total reaction, whereas a furnace can push the system to completeness. This also
influenced the yield efficiency since the microwave could not form a complete product.
Further, the rapidness of the reaction gave little ability for control since the conflagration
would overwhelm the whole reaction and leave one powder behind when finished. These
two sections were also considered separately because of their distinct differences in heating
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and the effects that it had were noticable. The shortcomings of these showed that something
with more control and less damaging to the apparatus would be good for the next technique.
Flame spray is a more complex method involving the mixed solvents, but the
concept is simple of spray mixture of metal salts dissolved in a flammable liquid through
oxidizing flame and end up with oxides in the outflow. Lots of work has gone into
developing this technique, so there is a solid foundation of research and it is currently a
standard method for the synthesis of nanomaterials. There were issues preparing soluble
nitrates in organic liquids with a minimal amount of water and how dilute the solutions had
to be for adequate spraying. In our setup we found that flame spray pyrolysis was simple
in execution, however, capturing the particles was very difficult. Even material from an
industrial apparatus showed a lack of uniformity in particle size.
These issues made flame spray pyrolysis less ideal and a method that can offer more
control over particle sizes, operate at a higher concentration, limit the hazards of both
preparation and processing of the precursor, and enable easier particle capture. Table 1
reflects the opinion developed of this method and how it compares to the other methods.
The requirements have been getting more and more refined and defined as these
methods have been explored. Up to this point precipitation had been avoided because of
what the literature portrayed as a daunting amount of liquid needed to get this technique to
work, but it seemed to be one of the best to offer some control over the reaction and product.
Precipitation for inorganic syntheses is simple using some combination of salts to form an
insoluble product containing the desired product. There is no immediate pathway to the
oxide as there was with the previous methods, the products need some further treatment to
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change into the oxide. The experiments conducted investigated the influence alcohol would
have over the powders precipitated and agreed with the literature that the addition of
alcohol creates a more even distribution. Experiments of only water showed some other
distinct features, like flakes, which were lacking in the alcohol/water mixture influenced
powders. Size was lacking as was the necessary amount of liquid to dilute the solution for
nanoparticle production. In contrast to flame spray pyrolysis, the particles from
precipitation are significantly easier to recover by filtration, sedimentation, or
centrifugation.
Another problem arose with these powders made with bicarbonate where the
carbonate species persisted after calcination and might hinder the full development into a
dense material. Table 1 summarizes the precipitation method noting the large amount of
liquid needed to make any portion of powder.
To overcome this persistence of carbonate and, based on literature surveys,
manipulate particle size led to hydrothermal synthesis because of its known properties
where the higher temperatures and pressures can induce novel reactions. Liquid
suspensions of powder from the precipitations were taken and put into the reactor and
results were recorded with FTIR analysis to document the changes regarding carbonate.
This experiment was fruitful in showing the modest decomposition of carbonate in samples
but was limited by the physical constraints of the reactor’s pressure rating and temperature
limit. To pursue studies into the realm of supercritical solvents a much more robust and
costly reactor would be needed.
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Reflected in Table 1 is the summary of hydrothermal synthesis. This batchwise
reactor had its limitations, but the method is unique from the other methods and how it
causes a reaction. Changing to a continuous method would make hydrothermal more
appealing, the general cost is not conducive to broad exploratory studies and the cheaper
reactors do not seem to be capable of the reactions from the literature. Solutions also must
be relatively dilute to prevent agglomeration, which limits the quantity of oxide that can be
produced.
These broad experimental investigations were performed to choose one method
which seemed the most promising based on its results. From the impressions of these
precipitation was selected because the major hinderance it has was concentration related
and ways to overcome that will be investigated further. The issues with the indirect
synthesis of YAG by way of an alternate material to decompose can also be mitigated by
higher temperature processing under air, but that is energy intensive. An appreciation was
gained for the smaller steps precipitation forces an experimenter to take instead of jumping
immediately to an oxide. Further, the other variables left to manipulate, like solvents,
precipitants, and methods of addition represent other avenues of discovery that fit the initial
preferences laid out by Darr, et al. (2017) and have room for improvement.
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Table 3 Expanded Darr criteria applied to the grading of the techniques after
experimental experience with each.
(In regard to oxide
syntheses)

Product meets
desired
composition
Product meets
desired
characteristics
Process is Energy
Efficient
Process is Cost
Efficient
Process is Yield
Efficient
Process is
Flexible
Process has a
Minimum of
Steps
Product is
Reproducible
Residual
Contamination
Elimination
Capable of
Continuous
Operation
Process can be
Monitored InLine
Process has
Minimal Hazards
Waste and
Disposal are
Manageable

Ball Milling

Solution
Combustion
Synthesis

Microwave

Flame
Spray
Pyrolysis

Precipitation

Hydrothermal

C

A

A

A

A

A

D
D
C
A
D
A
C
D

B
C
B
A
D
C
A
C

B
B
C
B
C
C
A
C

C
C
C
D
C
C
B
B

B
A
A
C
A
B
A
B

A
B
B
B
A
C
A
A

D

D

D

B

A

B

D
A
A

D
C
A

D
C
B

C
C
A

A
B
B

A
B
B

Excellent Good Poor Unsatisfactory
A
B
C
D
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CHAPTER 4
CONTINUED EXAMINATIONS OF THE COPRECIPITATION OF
YAG
Introduction
Work in this portion of the dissertation was conducted from 2018-2020. This work
continues the investigations of precipitation as a synthesis method. Precipitation was
selected from the other syntheses because of its low cost, simple method, and fast results.
Further, it has lots of independent variable to manipulate and is a soft approach, which
makes a material that is an intermediate on the way to the final product. Soft approaches
may not be ideal for some researchers, but they have the potential to reclaim material for
recycling from the resulting hydroxides or carbonates.
Precipitation was also selected because its faults were not as daunting, primarily
regarding concentration, which if able to be overcome would make this a significantly more
appealing approach for materials synthesis. The normal operating concentration of 0.1
molar for nanoparticle synthesis is a limitation that some researchers have partially
surpassed by using capping agents to deter particle interactions and reduce
agglomeration.[123-126] Ideally, capping agents should be avoided because carbonates will
not agglomerate, and some capping agents persist beyond calcinations of 600-800°C and
can contaminate the product.[127]
Dropwise precipitation is the traditional approach that was tested previously where
a precursor metal ion solution is dripped into a rapid stirred precipitant. This method’s
setup was straightforward using only a pump to draw liquid through tubing to deliver it to
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a beaker stirred with an overhead stirrer containing the precipitant. Immediate results can
be seen as the drops interact with the precipitating solution. As covered in the previous
section, there are some independent variables which can be manipulated, like strike
direction[106] and alcohol[77] to favor certain reactions, namely a homogenous precipitation
and to reduce metal ion solubility, respectively. These method ultimately failed to meet the
goal of nanoparticles with its large, hard agglomerates seen in the SEM images and volume
of liquid that had to be handled to make small amounts of product. The volume of liquid
point is belabored in other publications as the major shortcoming for precipitation.[57][58]
To make nanoparticles from this method using a concentrated precursor metal ion solution,
something needs to happen which can divide the precipitated powder either in situ or
preemptively break up the precursor.
Sonication is a common technique for the suspending and fragmenting of
material.[128] Researchers have taken powder and shown that these can be broken up into
smaller particles than what originally started.[129] Some researchers have also employed
focused ultrasound to concentrate the cavitation energy and break apart material more
efficiently than bulk sonication.[130] Applying this in situ would break up precipitated
material and give finer powders.
Instead of breaking particles apart, the concept of dividing the precursor metal ion
solution into droplets by modifying the traditional precipitation setup is another approach
that has been shown to produce nanoparticles. Researchers use a carrier gas to aspirate
droplets into a precipitating solution, limiting the amount of material present to nucleate
and form a precipitate.[131] Researchers in a few case have been able to push to a
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concentration of 0.2 molar, doubling a typical concentration for coprecipitation.[132-134] One
group reports a spray precipitation of up to 0.4 molar, which is a significant step.[135] These
papers demonstrate the viability of this method to broaden the working range of
concentrations for coprecipitation.
Similar to aerosolized droplets, ultrasonic nebulization can produce more consistent
and smaller sized micron-sized droplets without the need for a carrier gas. Compared to
aerosol atomization with droplets ranging from 10-50 µm[136], ultrasonic nebulization can
reduce the size of the droplets to 5-22 µm using high frequency ultrasound (>100 kHz).[137]
Researchers have taken advantage of this as an alternative approach to spray precipitation,
but have not pushed the boundaries of concentration.[138][139] This method could help
eliminate a variable of airflow while taking advantage of small droplets to produce
nanoparticles.
Literature is rather sparse on electrospray ionization for precipitations. This method
is well known for its use in analytical methods which benefit from the micro- and
nanodroplets that it can produce.[140] Some researchers have taken advantage of these
droplets to produce nanoparticles of polymers.[141] This is a novel route that could explore
the application of electrospray to inorganic precipitations.
To refine the methods of coprecipitation and improve the traditional technique, the
four approaches were tested to gauge which could produce nanoparticles suitable for
further testing. Concentration limitations will also be manipulated to define the capabilities
of the worthwhile methods. If the primary limitation of coprecipitation is concentration,
then methods using dispersion and division will result in finer particles than previous
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attempts. The four proposed methods will be evaluated following the criteria used to find
a suitable method for general production.

Experimental
Materials
Yttrium oxide (Strem, 99.99%), aluminum metal (Alfa Aesar, 99.999%), cerium
nitrate (Strem, 99.99%), ammonium hydrogen carbonate (Acros Organics, 99%),
polyethylene glycol 4000 (PEG-4000, Alfa Aesar), ammonium bisulfate (NH4HSO4,
Acros Organics, 90%), isopropanol (Fisher Scientific, HPLC grade), water (Fisher
Scientific, 18MΩ) were used in the syntheses of metal carbonate precursors to YAG
powders.
3-Aminophthalhydrazide (Luminol, Alfa Aesar, 99%), sodium hydroxide (Alfa
Aesar, 99%), sodium carbonate (Baker Reagents, 99%), ethylenediamine tetraacetic acid
(EDTA, Fisher Scientific, 99%), hydrogen peroxide (Fischer Chemicals, 30%) were used
in the luminol testing of the ultrasound apparatus.
Apparatus
To conduct the ultrasonic influence experiment an ultrasonic bath was made
consisting of twenty-three 100W 25kHz transducers powered by a 2500W Beijing
Ultrasonic generator. The bottom of the basin had nine transducers affixed to it, the sides
had two sets of four and two sets of three for the broad and short sides respectively.
Transducers of similar frequencies were chosen to match with another transducer across
the body of the basin. The transducers were affixed to an 8-liter stainless steel basin with a
high vibration resistant epoxy. Each of the transducers were wired in series so the current
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stayed the same across each component. Testing of ultrasonic intensity was done with
luminol to demonstrate cavitation activity. Please see figure 29 for a diagram and pictures
of the assembled apparatus.
For spray coprecipitation a pneumatic aerosolizer was used, repurposed from the
flame spray pyrolysis experiments. This was a Meinhard Type A ICP nozzle, capable of
high flow and high-pressure gas flow. The pneumatic spray gas flow was supplied by an
oxygen concentrator capable of a 10 liter per minute flow rate at 20 pounds per square inch,
within the nozzle’s specifications. Flow rate for the nozzle was controlled by a Cole Parmer
peristaltic pump which used L/S 13 tubing and compatible pump head at a rate of 10
milliliters per minute. The spray was direct down towards the middle of the vessel,
orthogonal to the surface of the precipitant solution. Stirring was provided by a Fisherbrand
overhead stirrer at a rate of 1000 RPM with a Chemglass 45° blade angle, 110 mm PTFE
agitator mounted on a Chemglass glass stirring rod. These precipitations were performed
in a 2000 mL beaker for ease of setup and modification above. Please see Figure 30 for a
general diagram of the setup.
Similarly, the ultrasonic nebulized spray was performed using a SonoTek 130kHz
ultrasonic nebulizer. A flow rate of 3 milliliters per minute for the nozzle was controlled
by a Cole Parmer peristaltic pump which used L/S 13 tubing and compatible pump head.
The setup and ultrasonic nebulization spray orientation was the same as the aerosol spray
setup and a diagram can be seen in Figure 31.
Electrospray ionization was done using an Information Unlimited high voltage 535kV DC variable power supply to provide the voltage potential bias. An initial setup using
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Figure 29 Ultrasonic diagram and pictures of the setup from the side and top-down view.
85

Figure 30 Spray precipitation setup diagram showing the flow of materials and resultant particle suspension.
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Figure 31 Ultrasonic nebulization spray setup diagram. Compared to the previous setup, the oxygen concentrator has
been replaced by the ultrasonic generator.
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an inverted fritted filter support so the tube would be used as a liquid reservoir and
a stainless steel wire could be inserted easily. A wire connected to ground was inserted into
a beaker below to direct the droplets into the container. The voltage was varied to above
10,000V to manipulate both the flow and resulting sprays. A diagram of the setup can be
seen in Figure 32.
Procedure
YAG:Ce precursor composed of metal nitrates were prepared by dissolving known
quantities yttrium oxide and aluminum metal in nitric acid to give specific combined
stoichiometry, 2.97 parts yttrium and 5 parts aluminum. A solution of cerium nitrate was
prepared previously and standardized via pyrolysis. A portion of this solution was added
to the yttrium/aluminum solution in a 1% molar ratio of total rare earth content, or 0.03
parts cerium for a total of 3.00 parts rare earth content. Usually, these solutions were
prepared to make 500 grams of YAG:Ce total and the concentration was standardized by
pyrolysis. Portions to make 10 grams of oxide were taken from this standard body of
solution to test syntheses. Solutions were then diluted with a mixture of 50/50 water and
isopropanol to make a final concentration of 0.1 molar. Some samples were diluted less to
test more concentrated solutions, usually up to 0.4 molar
In some solutions for ultrasonic spraying, capping agents were added to the precursor metal
ion solution so that the capping agent was consistent in relative concentration to the metals.
PEG was dissolved into the metal solution as a 0.1-0.2% relative to the total metal ion
concentration. Ammonium bisulfate was added following papers using sulfate as a capping
agent, which meant equivalent to the aluminum content.[125]
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Figure 32 Proposed setup for an electrospray precipitation using an overhead stirrer.
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Luminol testing was done using a buffer solution of sodium hydroxide, sodium
carbonate, ethylenediamine tetraacetic acid (EDTA), and luminol.[142] This was added to a
container and placed in the ultrasonic field to document visually where the active spots in
the sonicator were. Pictures were taken with a Sony α-6500 on a tripod with an ISO of
32000 for low light conditions using a 16-50 millimeter lens triggered by a remote to take
pictures.

Results
Sonication identification by luminol showed high activity by the walls of the glass
vessels. This helped guide the ideal setup for where to drip solution in for the precipitation.
Figure 33 show the blue active areas of luminol chemiluminescence. These active spots
were found to be brightest near the wall as opposed to the center of the container indicating
areas of greater activity. The whole column of luminol in the bottle was noted as being
active, showing a lack of focused ultrasound, but a thorough cavitating field. Using this as
an indicator the precipitation was positioned near the wall of the vessel for the best attempt
of fragmentation.
Precipitation SEM images can be seen in figure 34 of two different attempts. These
attempts used the same liquid precursor and only altered position in the bath to match the
center and wall locations shown in Figure 33 of the luminol sonic activity characterization.
Both show lackluster results and that the material is lacking consistency in size and
morphology. XRD studies were considered but not pursued because the primary goal
became particle characteristics, not composition. This expedited the research and as such,
the majority of results here will be reported as solely SEM images.
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Figure 33 Sonochemiluminescene from luminol excitation in the bath reactor. The bottle has drifted towards the wall
in the second top-down picture and shows significantly more activity. The bottom picture is of a bottle near the side
showing activity only in the area below the waterline of the bath.
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Figure 34 SEM images of powder precipitated from the ultrasonic bath reactor. The top is an initial sample, and the
bottom is another sample attempt with the same chemicals.
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The failures of the ultrasonic powder likely come from the fact that the metal
solution dripped into the acoustically agitated solution formed a ‘raft’ of precipitant which
floated on top of the solution and failed to mix in well. Stirring was not recommended
because acoustics would be hindered by the mixing. This severely limited the viability of
this technique because transducer sonication has limitations on how well they can transmit
energy[143], unlike a probe sonicator, but those are known to degrade over the course of use
and were avoided.
The modification of a traditional precipitation made spray precipitation and
enticing approach because it added one minor step in the delivery of the metal-ion
precursor solution. The nozzle was repurposed from the flame spray pyrolysis experiment
and in conjunction with the nozzle an oxygen concentrator was capable of a strong
aspiration of liquid. The oxygen concentrator was used specifically because it pre-filtered
the air and offered a significant flow rate over lab nitrogen lines and cost less than buying
gas cylinders. This ensured no clogged nozzles and adequate, adjustable airflow. Sprays
were vigorous and simple to direct. The fast airflow could be seen diverting the rapidly
stirred solution as the nozzle got closer and injected aerosolized droplets.
Results from the spray precipitation can be seen in Figure 35 which shows a few
images resulting from the atomized spray. Of note here is the loosely agglomerate powder
which is comprised of mostly spherical nanoparticles. Some platelet-like particles can be
seen, likely the concentration of yttrium carbonate, which are known to make these types
of precipitates.[144] To overcome these platelets an experiment was setup with a reduced
flow rate of precursor metal ion solution to give more ability for atomization.
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Figure 35 SEM images from the spray precipitation of YAG. The left most picture has a scale bar of 10 micrometers,
the middle and right pictures are 1 micrometer.
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Figure 36 shows the synthesis of powder at a slower flow rate of 1 milliliter per
minute with a gas flow of 10 liters per minute at 20 pounds per square inch. Small
nanoparticles have resulted, not within the size regime desired, but spherical in
morphology. Of note are the agglomerates, some very large. These look to be loosely
interacting, soft agglomerates, not hard where necking and bridging occur between
particles. The slow flow rate does hinder this method as making 10 grams of product took
nearly eight hours from setup prep to filtration. Also of note was an odd phenomenon not
totally unexpected because of the gas flow: droplet ejection and liquid accumulation on the
beaker and surrounding area.
Spray precipitation was a promising technique, but it suffered from the issue of
droplet ejection with the gas flow resulting in either loss of product or accumulation of
larger droplets which would make larger particles. When this setup was covered, the
droplets collected on the lid of the container and formed droplets which would drip in and
results from that can be seen in Figure 37 and the middle image of Figure 36. Because of
these issues the need for a method which could break up droplets without the aid of a carrier
gas was needed to limit the ability of droplets to leave the system.
The loss of material from droplet ejection and the potential resulting large particles
from accumulation of droplets limited the usefulness of this technique and highlighted a
shortcoming of other gas-powered techniques. A method which could aspirate liquid
without the need of flowing gas was the next modification to be made in the setup. Some
other researchers had already attempted this using ultrasonic nebulizers which take
advantage of an ultrasonic tip ejecting material from it as it vibrates rapidly.
95

Figure 36 Precipitation of Al at a slower flow rate via spray pyrolysis
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Figure 37 Powder resulting from the dripping of solution into the spray coprecipitated setup when a lid was put on to catch the ejected liquid.
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SEM images of the powders resulting from ultrasonic nebulization can be
seen in Figure 38. These powders are significantly more agglomerated than those from an
aerosolized system. This is likely due to a phenomenon seen in Figure 39 which shows the
turbulence from the stirred solution causing accumulation of large piles of material on the
lip of the beaker which then fall in and constitute a significant portion of the material seen
in the SEM images.
This is similar to the droplet ejection, not due to gas flow, but turbulent air in the
setup. Two other issues arose from ultrasonic nebulization regarding viscosity and flow
rate. At higher concentrations the ultrasonic nozzle was not capable of nebulizing
efficiently and would result in drips into the solution. Limitations of flow also would
overwhelm the nozzle and cause dripping to take over the ultrasonic nebulization,
rendering it ineffective.
Attempts to limit the turbulence by removing the overhead stirrer and use a
magnetic stirrer were also attempted as shown in Figure 40 but failed to produce viable
results because of the nozzle becoming overwhelmed by the liquid flow rate. Flow rates
that looked adequate would eventually become unstable overtime, so constant monitoring
was needed to ensure this was limited. Retrospectively, this may be due to the pulsing of
the pulsing from the peristaltic pump.
Attempts to try and augment the synthesis using capping agents was considered
next. When PEG was used it made the solutions more viscous cause more dripping than
solutions without. Alternate capping agents like ammonium sulfate were attempted, but the
use of isopropanol limited the amount of ammonium salts that could be dissolved.
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Figure 38 Powder resulting from ultrasonic nebulization spray at 130kHz.
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Figure 39 Precipitated spray powder collecting on the lip of the beaker from the
turbulent air ejecting the ultrasonic spray.
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Figure 40 Alternative setup of the ultrasonic spraying to try and limit turbulence from overhead stirring by using
magnetic stirring.
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An experiment was attempted where the metal precursor solution was mixed
thoroughly with ammonium sulfate and filtered off the remaining salt. This eventually led
to clogging of the capillary in the ultrasonic nozzle as the salt crystallized out of the
saturated solution. In retrospect this was a poor experiment because the salt likely
exchanged anions with the metals preferentially and would have eventually caused a
stoichiometric disproportionation if it had worked because of the poor solubility aluminum
sulfate has in alcohol.[145]
Issues regarding the flow and droplet management from the aerosolizer and
ultrasonic nebulizer meant an alternative that could propel a droplet to limit effects by
turbulence was be desirable. Electrospray was considered because of the electromotive
forces which cause ionized droplets to flow towards the opposite charge. In the travel from
cathode to ground it is known that as the droplet tries to reach an equilibrium, the droplet
will shed smaller droplets, sometimes in the nano-regime. Further, the liquid can flow on
its own as the electromotive forces induce flow through the nozzle. As seen in Figure 41
are a few pictures of a test setup using an inverted portion of a fritted filter to act as a
reservoir for the water. The general setup for this can be seen in Figure 32 with the cathode
portion suspended over the anode. Both solutions were made of deionized water for
testing.The Taylor cones can be seen in several picture in Figure 41 indicating the solution
is ionizing adequately. Flow rates were low, less than a milliliter per minute, and upon
increase the voltage past 10,000 volts the solution began to act erratically, and hissing was
apparent as the air began to ionize. Because of the slow flow rate and the potential
degradation of the steel electrodes, which would contaminate the system, this setup was
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Figure 41 Different angles of the electrospray setup with Taylor cones formed in each picture.
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not tested any further. The addition of high voltage in an open setup was also disconcerting
and not recommended to be tried again.

Conclusion
This section tested a few approaches to influence a precipitation by limiting the
amount of material present to react. By limiting this, the reaction would inherently make
smaller particles. A few methods were tried to break the droplets up as they interacted with
the precipitating solution by ultrasonication, or break droplets up before they arrived at the
precipitating solution as with the various spray precipitation attempted. Of these attempts,
traditional aerosolization by a repurposed ICP nozzle made the best particles, but it suffered
from droplet ejection which coated surrounding area or condensed on a lid and made large
agglomerates because of these dripping in.
Evaluation of these method can be seen in Table 1, where these methods are
compared to the traditional drop-wise precipitation. The two processes attempting to
employ ultrasound were evaluated worse because of the system requirement limit
continuous flow, as with the ultrasonic bath reactor, and the finicky nature of the ultrasonic
spray nozzle which greatly affect the product. The aerosol spray precipitation showcased a
good approach, but its waste with regard to droplet ejection and the drips from attempts to
cover it were an improvement over traditional dropwise. It was overall a marginal
improvement to traditional precipitations. Disappointingly, none of these methods were
able to operate at higher concentrations and only the spray precipitation could produce a
promising precipitate.
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Table 4 Judging the broader precipitation processes based on the expanded Darr
criteria.
(In regard to oxide
syntheses)

Product meets
desired
composition
Product meets
desired
characteristics
Process is
Energy
Efficient
Process is Cost
Efficient
Process is Yield
Efficient
Process is
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Process has a
Minimum of
Steps
Product is
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Residual
Contamination
Elimination
Capable of
Continuous
Operation
Process can be
Monitored InLine
Process has
Minimal
Hazards
Waste and
Disposal are
Manageable

Dropwise
Precipitation

UltrasonicAerosol
Influenced
Spray
Precipitation Precipitation

Ultrasonic
Nebulization
Precipitation

A

A

A

A

B

B

A

C

A
A
C
A
B
A
B

A
A
C
C
C
A
B

A
A
B
B
C
A
B

A
A
B
B
C
A
B

A

C

A

A

A

A

A

A

B

B

B

B

B

B

B

B

Excellent Good Poor Unsatisfactory
A
B
C
D
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CHAPTER 5
FRIT-ASSISTED PRECIPITATION
Introduction
This section of experiments were performed in 2020-present. Unfortunately, the
previous approaches and confounding variables of droplet ejection and coalescence limited
the effectiveness of the spray methods. Further, the poor performance with more
concentrated solutions did not meet the goal which would make precipitation a more
appealing technique. The experimenting with electrospray did offer a unique moment of
inspiration.
In the previous section, a filter frit base had been chosen to initially setup some
experiments because it could be easily manipulated with wires to accommodate
electrospray. The base when inverted acted as its own reservoir of liquid, and the free flow
from this reservoir motivated by the high voltage led to multiple Taylor cones which were
ejecting droplets. This increased the flow through the fine pore frit and would have been
an improvement, but the corona discharge from the high voltage made this less than
desirable. Spray was also susceptible to turbulence in the air. However, if this airgap could
be closer or have the liquid directly injected, then these influences might be reduced or
eliminated.
Glass frits are a porous material made of ground borosilicate glass that is pressed
and fused together for a duration of time to produce average pore sizes. What was striking
about a frit was this notion of pore size. An idea arose around liquid coming out of these
pores and how these droplets emerging from the frit would be close to the characteristic
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pore sizes immediately after exiting the frit. Under influence of a vigorously stirred
solution these droplets would be sliced off and whipped away in the current, taking
advantage of the limited droplet size. This would encourage both mixing and promote
diffusion in the small droplets.
To support this idea, literature was searched regarding liquid flowing through
porous materials or sparging with gases to make nanoparticles. Some oddities involving
eggshell membranes to make nanoparticles[146][147] were found, but more appropriate were
a few papers about sparging a calcium hydroxide solution with carbon dioxide to make
calcium carbonate nanoparticles for CO2 sequestering. Xiang, et al. (2004) correlated the
bubble size with the particle size by comparing SEM images and noted that as the bubble
size decreases, so does the size of the resulting particles.[148] A second paper by Feng, et
al. (2007) also investigated the bubble size and its influence on particle size but failed to
find a distinct difference in dynamic light scattering (DLS) measurements. [149] DLS
struggles to differentiate agglomerates, so true particle sizes are not known. A third paper
by Fuchise-Fukuoka, et al. (2020) showed that direct injection of fine bubbles into a
calcium hydroxide solution, mixed with a wood pulp additive as a host material, resulted
in particle sizes which were highly dependent on the flow rate of carbon dioxide. There
was an ideal flow rate for a constant calcium concentration, too high or low and the
particles were larger than those at a moderate gas flow rate.[150]
These papers give some initial hope that bubble size does influence particle sizes
and that an ideal flow rate may play a significant role in final particle sizes. Stirring is also
shown to have an effect on particle size, noting that as the stirrer speed increased, the
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particle size decreased.[148] Those researchers attribute it to increased mixing and increased
mass transfer. Variations on concentration were also demonstrated in the papers, but the
system differentiated too much from the concept of a liquid-liquid mixing setup to give
much confidence.
Microfluidics was also looked to as an analogous field, but these researchers are
more adept at precise additions and mixtures. The closest to a frit-aided addition was what
is known as a T-cell where two reactants are added together from the top arms of the T and
flow out the long portion, Some of these have been performed in small capillaries, but the
reported studies require 0.2 to 0.3 molar metal ion concentrations to make
nanoparticles.[151][152] The slightly increased solution concentration (over 0.1 molar) lends
credence to the idea of using small droplets to limit the nucleation and growth potential of
particles.
These loose concepts support the idea that small droplets or bubbles leading to
smaller particles. Therefore, a setup involving an immersed frit, turbulent stirring, a mixed
metal ion solution being delivered to a precipitant, and the effects of concentration and
precipitant on nanoparticle syntheses are proposed to be studied. If the concentrated
(greater than 0.1 molar) precursor solution is divided up by pores of a frit, then the resulting
particles from the direct introduction into a turbulent precipitating solution will make
suitable nanoparticles. Further studies about how the pores size of the frits and effects of
organic modifiers will be investigated as well.
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Experimental
Materials
Yttrium oxide (Strem, 99.99%), aluminum metal (Alfa Aesar, 99.999%), cerium
nitrate (Strem, 99.99%), ammonium hydrogen carbonate (Acros Organics, 99%),
ammonium carbonate (Acros Organics, 99%), ammonium hydroxide (Fisher Scientific,
32%), ethylenediamine (EDA, Sigma Aldrich, 99%), isopropanol (Fisher Scientific, HPLC
grade), water (Fisher Scientific, 18MΩ) were used in the syntheses of precursors to YAG
powders. For the capping agent and organic modifier studies p-toluenesulfonic acid (pTSA,
Sigma Aldrich, 99%), stearic acid (Sigma Aldrich, 99%), 2-ethylhexanoic acid (2EHA,
Sigma Aldrich 98%), and acetylacetone (acac, Sigma Aldrich, 99%) were used.

Apparatus
A setup using a 2000 milliliter Pyrex beaker, a Fisherbrand overhead stirrer with a
Chemglass PTFE agitator on a Chemglass stir rod with ground section for the agitator
locking screw, and Cole-Parmer peristaltic pump with pump dampener used in the previous
syntheses was arranged as shown in Figure 42. A 12-millimeter diameter fine pore frit from
ChemGlass (item number: CGB-201-05) was encased in compatible 1/4-inch glass tubing
and bent 180° from normal to have the frit facing upwards. LS 14 tubing was friction fit
around the top of the glass tubing leading to the frit and clamped in place by two hose
clamps. This setup was held firmly in place in the beaker by a three-finger clamp and the
head of the frit was adjusted so it resided within a couple millimeters below the agitator
blades and the glass tubing was clear of the blades.
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Figure 42 Diagram of the frit-assisted precipitation setup. Item ① is the metal ion precursor solution, item ② is the
pump, item ③ is the frit, item ④ is the overhead stirrer, and item ⑤ is the precipitating solution.
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A second frit would be made to have the head extended 5 centimeters from the
tubing so the frit can be more easily positioned below the agitator and the glass tubing it is
attached to can clear the full sweep of the blades. This frit also used the same ChemGlass
part number mentioned previously. Two more fine frits of an inch in diameter were made
from vintage ChemGlass parts provided by the glass blower.
A modular and more durable frit holder was made out of titanium rod stock, plate,
screws, and ¼-inch tubing. A computer-generated illustration of this can be seen in Figure
43 of only the holder portion. This holder is intended to hold a titanium ultrafiltration
chromatography frit. This frit will be compression fit against an o-ring within the holder to
prevent leaking and the screw plug in the front allows ease of cleaning. A picture of all the
frits and the frit holder can be seen in Figure 44 to show the evolution of design.

Procedure
YAG:Ce precursor composed of metal nitrates was prepared by dissolving known
quantities yttrium oxide and aluminum metal in nitric acid to give specific combined
stoichiometry, 2.97 molar parts yttrium and 5 molar parts aluminum. A solution of cerium
nitrate was prepared and standardized via pyrolysis. A portion of this solution was added
to the yttrium/aluminum solution in a 1% molar ratio of total rare earth content, or 0.03
molar parts cerium for a total of 3.00 moles of rare earth content relative to aluminum.
Usually, these solutions were prepared to make 500 grams of YAG:Ce total and the
concentration was standardized by pyrolysis. Portions to make 10 grams of oxide were
taken from this standard body of solution to test syntheses. This was diluted by half (1:1
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Figure 43 Computer generated rendition of the titanium frit holder (light grey) and retention plate (dark gray) and
lines to demonstrate the route liquid will take through the holder when setup.
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Figure 44 Side profile (left) and front profile (right) of the evolution of frits designed and improved for these studies.
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ratio) from its original concentration of 1.6 molar to 0.8 molar for use in the frits.
In the concentration study further dilutions of 0.53 (2:1 ratio) and 0.4 (3:1 ratio) molar
were.
Precipitating solutions were comprised a balanced ratio of precipitant to metals
(2:3) and then an additional 3 moles excess of precipitant. The excess precipitant accounted
for the residual nitric acid from dissolving the oxide and metal, as well as acting as a buffer
for the pH. This is following the procedures of other researchers in which an excess of
precipitant is desirable for a complete reaction.[75][132][153][154]
In the case of solid precipitants, like the ammonium carbonate and ammonium
bicarbonate, all of the solid was added to the beaker containing a 50-50 mixture of
isopropanol and water right before the precipitation. Stirring by the overhead stirrer would
ensure dissolving and the excess of precipitant ensured a concentrated solution for the
metal ion precursor solution to react with. The liquid precipitants, ammonium hydroxide
and ethylenediamine, were mixed with the 50-50 mixed isopropanol and water solution
right before the reaction to limit how much ammonia was lost over time as it sat. For the
ethylenediamine, the solution was heated in a water bath to 50°C, consistent with the
literature to promote the reaction of the amine with water and create an alkaline solution.[75]
Experiments with the organic modifiers or capping agents, like the 2-ethylhexanoic
acid (2-EHA), acetylacetone (ACAC), para-toluene sulfonic acid (p-TSA), or stearic acid,
had these added directly to the metal ion precursor solution so there was a consistent
amount present during the precipitation. These materials were added in an equivalence to
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the aluminum content, following previous syntheses which required that for the sulfate and
similar to the previous sections.[125]
Separation of the precipitated material was done by gravity filtering through
Whatman 42 filter paper in a 1-liter ribbed filter funnel and covered with aluminum foil to
limit dust contamination. Filtration was left overnight to then be transferred to a crucible
for calcination at 650°C for 3 hours. These powders were then analyzed by SEM, XRD,
FTIR, and TGA. Liquid from the filtration was analyzed by ICP-OES.

Results
It was initially proposed to begin with a high concentration to limit time spent on
studying this method, should it not have worthwhile results. The solution of yttrium,
aluminum, and cerium nitrates was taken from its 1.6 molar total metal ion concentration
and diluted to 0.8 molar. The use of a fine frit was chosen because of its 4 to 5 micrometer
pore size and abundance from glass suppliers. Based on the previous precipitations
attempted, a reverse strike (metals added into the precipitant) and concentrated solution of
ammonium hydroxide (excess of 3 molar to metal ion ratio) were chosen as the conditions.
Rapid stirring of 1000 RPMs by the overhead stirrer would mix the solution inside a 2000
milliliter beaker. A pump rate of 10 milliliters per minute was originally set but reduced to
3 because of the pressure the pump lines were under and a fear it might burst. Two
experiments were performed with the frit using ammonium hydroxide or ammonium
bicarbonate as two different precipitants. As a comparative, ultrasonic nebulization from
the previous section was used to demonstrate any potential improvement over spray
precipitation the frit might have.
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SEM images from the ammonium hydroxide precipitation through the frit can be
seen in Figure 45. While particle sizes are not initially within the sub-100 nanometer
dimension, they are consistently sub-micron size and seem to be mostly around 200nm in
size. The second experiment using ammonium bicarbonate as the precipitant had some
initial issues with leaking from the interface of the pump tubing and glass tubing to the frit.
This resulted in drips down to the body of the tubing to the precipitating solution but was
rectified with hose clamps. In figure 46 some smaller particles from this bicarbonate
precipitation can be seen coating the surface of the large chunks, but overall, this synthesis
failed to yield a nanopowder. Of the two ammonium hydroxide precipitations using the
external ultrasonic nebulized spray or the immersed frit, Figure 47 shows a stark difference
where the ultrasonic nebulized spray precipitation produced only large, jagged chunks of
material whereas the frit made an adequate dispersion of particles. This was a promising
route from such a simple, direct injection approach, so the investigations continued.
Following this set of experiments another series was conducted to explore the effect
of an amine on precipitation and concentration. Other amines have been reported, but
ethylenediamine was the simplest and has a significant history in the literature as a ligand.
Heating to 50°C promotes the reaction of the amine with water to form
ethylenediammonium hydroxide through the reaction in Reaction (1)[75]
50°𝐶

(𝐻2 𝑁)2 𝐶2 𝐻4 + 2𝐻2 𝑂 →

(𝐻3 𝑁 + )2 𝐶2 𝐻4 + 2𝐻𝑂−

Reaction 1

Care was taken because without proper ventilation the ammonia-like fumes would
overwhelm the immediate vicinity. Solutions of YAG were diluted from pyrolysis
standardized YAG solution in ratios of 1:1, 2:1, and 3:1 dilution resulting in concentrations
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Figure 45 SEM images of powders precipitated with NH4OH through a fine glass frit. Image bars are A) 2 µm, B) 1
µm, C) 200 nm, and D) 300 nm.
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Figure 46 SEM images of powders precipitated with NH4OH while being sprayed into the solution. Image bars
are A) 2 µm, B) 1 µm, C) 200 nm, and D) 200 nm.
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Figure 47 SEM images of powders precipitated with NH4HCO3 through a fine glass frit. Image bars are A) 2 µm, B)
1 µm, C) 200 nm, and D) 2 µm.
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of 0.85, 0.56, and 0.42 molar. These dilutions were chosen because they fit within
the beaker and didn’t modify the setup since a more dilute solution would have necessitated
a larger container. This would affect how the stirrer mixed the solution and the general
flow; this was an attempt to limit that variable. These were also compared to a dropwise
precipitation as a control.
SEM images of the resulting concentration study can be seen in Figures 48 through
10 comprised of collages of each dilution to give a broad overview. Figure 48 has the
smallest particles resulting from the most concentrated solution of 0.85 molar. Some flakes
are apparent in Figure 48B, but these are limited and small, as shown by Figure 48A. Figure
49 has the sample diluted in a 2:1 ratio resulting in a 0.56 molar solution. It has the most
uniform powder results with chunks, not spherical particles. Figure 50 is the most dilute in
a 3:1 ratio giving a concentration of 0.42 molar. Oddly enough, the particles here show a
similar trend of large chunks, but these are much larger than the 2:1 dilution’s pieces. The
Figure 50A shows a wide view and makes it apparent that there are some significantly large
pieces in this powder. For comparison, a dropwise 3:1 dilution was done, and its powder
can be seen in Figure 51. The morphology here resembles the material passed through the
frit.
In this system the more dilute solutions made larger particles, counterintuitive to
what would be expected. After months of deliberation, it was hypothesized the mechanism
here focuses on diffusion of precipitant into the metal ion extrusions. The more metal ions
present, the more material there is to immediately precipitate and form a thick skin which
prevents agglomeration of particles resulting from collisions. The less concentrated a
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Figure 48 SEM images of YAG powders from a 1:1 diluted precursor solution passed through a fine glass frit and
precipitated with ethylenediamine heated to 50°C. Image bars are A) 2 µm, B) 100 nm, C) 100 nm, and D) 100 nm.
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Figure 49 SEM images of YAG powders from a 2:1 diluted precursor solution passed through a fine glass frit and
precipitated with ethylenediamine heated to 50°C. Image bars are A) 2 µm, B) 100 nm, C) 100 nm, and D) 100 nm.
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Figure 50 SEM images of YAG powders from a 3:1 diluted precursor solution passed through a fine glass frit and
precipitated with ethylenediamine heated to 50°C. Image bars are A) 2 µm, B) 200 nm, C) 100 nm, and D) 100 nm.
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Figure 51 SEM images of YAG powders from a 3:1 diluted precursor solution dripped into an ethylenediamine
solution heated to 50°C. Image bars are A) 2 µm, B) 100 nm, C) 100 nm, and D) 100 nm.
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solution, the thinner a skin and longer it takes for a robust skin to form and more
likely a collision with another droplet causes breakthrough of the skin and results in
agglomeration. This would explain the larger particles in each scenario as being derived
from impacts and the robustness of the skin as based on the diffusion rate of the precipitant
into a droplet to continue the reaction and thicken the skin.
Regarding the ethylenediamine used as the precipitant, since success was had with
the morphology of small particles from a concentrated solution, ICP was used to analyze
the filtered effluent. It was found that in all of the samples that aluminum remained in
solution, typically 200 parts per million. No yttrium or cerium was found with it in relative
ratios, eliminating the idea that some precipitant had made it through. This could have been
due to the chelating property of ethylenediamine, since aluminum and rare earths are
complexed similarly[155], therefore yttrium and cerium would be expected in the samples
as well. pH is the only major factor that could have selectively drawn aluminum back into
solution. Because of this consistent result, ethylenediamine was not pursued any further
since it risked the stoichiometry of the final product.
At the same time as the concentration studies were conducted, experiments
exploring capping agents was undertaken to compare unmodified material of YAG to that
of YAG synthesized with capping agents in an ammonium carbonate precipitation. p-TSA
and stearic acid were chosen as capping agents. The sulfonic acid group on p-TSA was
expected to behave like sulfate has been shown to behave from other researchers[125] and
the organic bulk of the material might help sterically hinder particle agglomeration. Stearic
acid was chosen because of its long chains for more steric bulk and researchers have
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previously shown that it is capable of producing nanoparticles from yttrium stearate. [107]
Both of these were soluble in the 0.8 M precursor mix and needed no other additives, but
the stearic acid did need heat to melt and homogenize in the solution and required heating
during the precipitation to flow through the frit. Precipitation was conducted with
ammonium carbonate.
The SEM images in Figure 52 show the p-TSA samples which look the best of any
sample so far with consistently small nanoparticles below 50nm in size in every picture.
The samples with stearic acid shown in Figure 53 have a significant presence of flakes, as
discussed previously these flakes are attributable to rare earth carbonates. Compared to a
control that was made without a capping agent, the resulting powders seen in Figure 54 are
very coarse but show some loose powder that might be liberated if milled or broken up by
ultrasonication. This study highlights the benefits of sulfate and shows that in this system
where ammonium sulfate is insoluble in the solvent mixture, but organic sulfates may be
used in a similar manner to make discrete nanoparticles.
The promising small particles from the p-TSA sample were processed by an outside
group and when returned it was found that there was too much residual carbon residue and
the sulfate’s high temperature residence on powders prevented total consolidation. The
sample can be seen in Figure 55 compared to a properly made cerium-doped transparent
standard. More research would be needed to understand this carbon residue and the
sulfate’s influence.
Due to the lack of understanding about the influence of organic compounds
resulting in residue, a series of experiments was proposed to study the effects of some
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Figure 52 SEM images of YAG powders diluted 1:1 and mixed with p-TSA as a capping agent. These were
precipitated with ammonium carbonate by passing the precursor YAG solution through a fine glass frit. Image
bars are A) 3 µm, B) 200 nm, C) 200 nm, and D) 1 µm.
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Figure 53 SEM images of YAG powders diluted 1:1 and mixed with stearic acid as a capping agent. These were
precipitated with ammonium carbonate by passing the precursor YAG solution through a fine glass frit. Image
bars are A) 10 µm, B) 2 µm, C) 200 nm, and D) 200 nm.
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Figure 54 SEM images of YAG powders diluted 1:1 and no capping agent. These were precipitated with
ammonium carbonate by passing the precursor YAG solution through a fine glass frit. Image bars are A) 20 µm,
B) 10 µm, C) 200 nm, and D) 200 nm.
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Figure 55 Pressed sample of the p-TSA capped powder (left) and a transparent standard (right) processed by an
outside group.
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simple organic modifiers on the powder, as well as the most basic approaches that
could be taken to make a powder. These approaches were simply the control experiments
for this study, consisting of precipitation using either ammonium hydroxide, ammonium
bicarbonate, or ammonium carbonate as the precipitant. Two organic modifiers were
chosen ACAC or 2EHA because these were leftovers from the FSP experiments and
ACACs are known to readily decompose to the oxide.[156][157] Fortunately, the mixture of
isopropanol and water made it easy to homogenize the metal ion precursor solutions. Care
was taken to calculate and add equal proportions of modifier and solutions were diluted to
equal volumes with a total metal ion concentration of 0.8 molar. In all, nine experiments
were performed to try and outline the best approach for the frit and future experiments.
Because of the successes and frustrations so far, these experiments were investigated a little
further than just SEM images.
Powder X-ray diffraction was used to characterize the phase purity of the samples.
The samples which were sintered at 1000°C for six hours under air show the crystallinity
of the product, and in several samples yttrium and aluminum monoclinic phase and yttrium
oxide phases appear. Other researches have noticed monoclinic[158] and perovskite[153]
phases arising from experiments to precipitate YAG. The samples in Figure 56 show that
the garnet phase was consistent among all samples.
Characterization of the precipitated material composition by thermogravimetric
analysis (TGA) was conducted to measure the weight loss as a function of temperature.
Figure 57(Top) shows the decomposition of comparable hydroxide precipitated material,
the only difference being the presence or lack of an organic modifier. An initial loss of
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Figure 56 Combined plot of all PXRDs of the powders sintered at 1000°C. Labelled A) OH only, B) HCO3- only, C)
CO3-2 only, D) OH-+ACAC, E) HCO3-+ACAC, F) CO3-2+ACAC, G) OH-+2EHA, E) HCO3-+2EHA, F) CO32+2EHA
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Figure 57 Combined TGAs of the precipitated material.
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solvent is noticed until roughly 250°C, which is consistent with literature.[105][114]
Decomposition of the organic additives[157][159]] and conversion of the material to oxide
from >250°C causes the two samples (orange and grey) to see more steep weight loss as
compared to the sample (blue) made without any additive.
Figure 57(Middle) is similar to Figure 57(Top) with the initial weight loss due to
solvent loss and decomposition of the organic to result in an oxide. The plateau portion
from 600-1000°C shows a slow, downward trend, which is often attributed to residual
carbonate that slowly degrades with increasing temperature.[153][160] Of note, the
experiment for YAG with ACAC (orange) added to the precipitation was repeated and also
saw a similar sharp drop in weight at 240°C. This is potentially due to volatilization of
material, which the rare earth acetylacetonates are known for.[161] The plots in Figure
57(Bottom) show less weight loss than in Figure 57(Top), likely due to the powdery metal
carbonates formed, which do not absorb much liquid as do the gelatinous metal hydroxides
seen in Figure 57(Top).[159][160]
For characterization of the amorphous and calcined powders, infrared analysis was
used. This fingerprinting technique shows the effects of each precipitation on the resulting
powder by how much precipitant follows over, organic modifier accompanies the product,
and any residue that remains after calcination.
Calcination at 650°C was chosen from the TGAs because of the plateau where the
majority of conversion to an oxide is done and the material is still amorphous. Some
attributable stretches of the precipitants and additives can be seen in Table 5 so labelled
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Table 5 Showing the bends and stretches of the precipitants and modifiers
NH4HCO3[117][118]
2343 CO2 (aq)
cm-1
1650 C-O
cm-1 asymm
stretch
1640 H2O
cm-1
1545 N-H bend
cm-1
1458 NH- bend
cm-1
1413 -CN
cm-1 symm
stretch
1395 -CO
cm-1 asymm
stretch
1365 C-O symm
cm-1 stretch
1300 C-OH sym
cm-1 stretch
1120 -CN
cm-1 symm
stretch
1111 NH3 bend
cm-1
1005 C-OH
cm-1 asymm
stretch

(NH4)2CO3[117]
1558 COOcm-1 asymm
stretch
1540
cm-1 N-H bend
1446
cm-1
1397
cm-1
1296
cm-1
1023
cm-1

NH3 sym
bend
-CO asym
stretch
C-OH sym
stretch
C-N stretch

952 NH3+
cm-1 coupled

2EHA[166]
3400- O-H Stretch
2400
cm-1
2951 Asymmetric
cm-1 CH2 stretch
2868
cm-1
1697
cm-1
1458
cm-1
1276
cm-1

Symmetric CH2
Stretch
Carboxylic acid
C=O Stretch
In plane O-H
Stretch
C-O Stretch

938 Out of plane Ocm-1 H stretch

833 NCOO- out
776 CH2 Rocking
-1
cm
of plane cm-1
bend
704 NCO- bend
cm-1
686 COO- in plane
cm-1 bend

ACAC[165]
3000 CH3 in
cm-1 plane
2900 CH3 out
cm-1 of plane
1700
cm-1
1600
cm-1
1410
cm-1
1350
cm-1

C=C-C=O
vibration
C=O
CH3 in
plane
CH3
Stretch

1245 C-C=C
cm-1 stretch
1160 C-H
cm-1
995 OH
cm-1
910 C-CH3
cm-1
780 OH
cm-1
630 Ring
cm-1 bending
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peaks can be found more easily. Standards of the organic additives are also added to
applicable graphs of Figure 58 (grey lines) for reference.
In Figure 58 (Column A) the precipitations with no organic additive, the presence of
the alcohol stretch at 1040 cm-1 can be seen remaining in the precursor (blue lines) after
drying. The alcohol surviving the drying is likely due to a proposed interaction between
hydroxides and alcohol resulting in adsorption.[162] The carbonate samples (Figure 58,
graphs A2 and A3) both match for their respective peaks from the resulting metals
carbonate produced by the reactions. The absorption peaks in these spectra match the
spectra from other literature.[114][163][164] In the calcined sample (orange lines) some
carbonate stretches were noted, showing the persistence of carbonate beyond 650°C. The
hydroxide sample (Figure 58, graph A1) does not have a carbonate peak because no
carbonate was present in its synthesis.
Figure 58 combines the display of acetylacetone modified material in column B with
an ACAC standard reference spectrum (grey line) in each subfigure for referencing. This
shows the enol form of the diketone at the 3500-2200cm-1.[156][165] Metal-ACAC complexes
are apparent with numerous fingerprint peaks in the <1700cm-1 region in the precursor
(blue lines). The calcined samples (orange lines) all have peaks from carbonate that have
survived through the 650°C calcination.
The 2-ethylhexanoic acid samples seen in Figure 58 (Column C) have the reference
spectrum (grey line) with a distinct peak at 1700cm-1. This is missing in all of the precursor
spectra (blue lines) because that peak corresponds to the C=O of the carboxylic acid. The
lack of a peak shows that oxygen is contributing to the coordination with a metal.[166] The
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Figure 58 Combined figure of the nine systems FTIR's where column A) No organic, B) ACAC, and C)
2EHA. Row 1) OH-, 2) HCO3-, 3) CO3-2 precipitants.
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carbonate precipitations (Figure 58, graphs C2 and C3) both have fingerprints of metal
carbonates present in their spectra as the product is a mixture of metal carbonates and
ethylhexanoates. The calcined samples (orange lines) have a pronounced presence of
carbonate.
SEM has been employed to depict the sizes and the morphologies of the products from
the nine experiments. Prior to the SEM imaging, all samples were calcined at 650°C in air
for six hours. The SEM images are shown in Figures 59. The image bar in Figure 59 is 100
nm.
When no organic additive has been used, tightly packed particles are evident in the
NH4OH system, but for the HCO3- and CO3-2 systems, the particles are finely dispersed
and measure roughly 30 nm in size. The samples from the CO3-2 system show some
platelets, likely yttrium carbonate.[167] This observation agrees with the loss of
stoichiometry seen in the corresponding PXRD pattern.
The three samples produced with 2-ethylhexanoic acid additive show different
morphologies. The NH4OH system has spherical particles loosely packed and about 100
nm in size. The HCO3- system shows large particles which are irregular in their
morphologies. The CO3-2 system reveals finely dispersed particles about 50 nm in size.
Again, PXRD indicate different stoichiometries based on the different phases.
The three samples made with acetylacetone as the additive show an array of sizes
and morphologies. The NH4OH particles look like flowers with many ridges and spikes on
a relatively large ball. The HCO3- system yielded small particles mixed with platelets

138

Figure 59 A near-field view of the powder calcined at 650°C where column A) No organic, B) ACAC, and C)
2EHA. Row 1) OH-, 2) HCO3-,3) CO3-2 precipitants. The scale bars are 100 nm in size.
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similar to the CO3-2 with no organic additive system. The CO3-2 system produced
tightly packed particles with much necking and bridging between the spheroids.
The previous paragraphs led to the selection of the HCO3- system with no organic
additive because it was the best and simplest system. To demonstrate the value of the frit
delivery of the concentrated metal ion solution (0.8 M), the HCO3- system with no additive
was compared with a widely employed dropwise coprecipitation system. Note that in both
cases 0.8 M metal ion solution was introduced into a HCO3- solution. The SEM results for
these two cases are displayed in Figure 60. Frit delivery gives finely sized and distributed
nanoparticles, whereas dropwise delivery yields varying large clumps of tightly packed
particles. It is well known that to obtain smaller particles in the latter case, the metal ion
concentration must be reduced.[78]
Concurrent with these nine studies, an investigation into the effects of a fine frit
with smaller pores on the resulting precipitant was conducted. Ultrafine glass frits, P5
European or Very Fine and Ultrafine American glass frit porosity ratings were avoided
because of advice from a glassblower that these would not be easy to place in the glass
tubing setup without compromising the frit’s integrity. This left chromatography grade
frits, which can come in even finer porosity than glass frits. A titanium frit with a plastic
polyether ether ketone enclosure from Analytical Scientific Instruments US with a rated
average pore size of 0.2 µm, was chosen because of titanium’s oxide coat which is resistant
to dilute acids and bases. A holder was designed to retain the frit with a plate as shown in
Figure 43 where the light grey body is formed from a titanium rod and the dark grey plate
is from a rigid and thin sheet of titanium. This would be held in place by
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Figure 60 A combined image setup showing the frit (top) and dropwise (bottom) additions in a far and close-up
view. Left is a 200nm scale bar, right is a 100nm scale bar.
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titanium screws and the front hole would be plugged with a titanium screw plug.
The rear hole was fit with some titanium tubing making this holder rigid and resilient,
capable of chemically resisting the acidic conditions of the precursor solution inside and
alkaline conditions of the precipitating solution outside as well as physically resist the rapid
stirring.
The experiment worked well, but a screw was not able to be tightened enough due
to a shallow hole resulting in a leak from the plate. Due to time and the modification
needed, this experiment was not able to be conducted again. SEM images of this
experiment can be seen in Figures 61. These figures show some large particles, likely
resulting from the leak, and a distribution of smaller particles, which might be attributed to
precipitated material from the frit. If the smaller particles are from the titanium frit, then
their size is an order of magnitude smaller than those from the fine glass frit. Further, the
agglomeration of these smaller particles onto the larger material may corroborate to the
hypothesis about thinner skin, less developed particles may stick together if they meet early
enough in the particle growth. The proximity of the leak and the frit were immediately next
to each other in the flow of the solution.
Revisiting the previous attempted synthesis using a titanium chromatography frit,
which had failed due to a leak from an improperly seated O-ring, another attempt with
extra care given to the setup of the frit holder was performed. This setup used ammonium
bicarbonate as the precipitant and an 0.8 M metal-ion precursor solution fed through the
frit and into the precipitant. Stirring was kept at a constant 1000 RPM and the feed rate of
solution through the small frit was limited to 3 mL per minute. Early glass frit
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Figure 61 YAG powder precipitated by passing the 0.85 molar solution through an ultrafine titanium frit into an
ammonium bicarbonate solution.
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precipitations like those in Figure 45 were also done at 3 mL per minute, for the reader’s
reference. The results from the second attempt with the titanium frit can be seen in
Figures 62 and 63 give two wide views of the bulk material and then close-ups of a
specific region. Particles measured were found to be less than 30 nm consistently.
Finally, a comparison between the ultrafine titanium frit to more YAG precipitate from a
fine glass frit at a precursor flow rate of 3 mL per minute is shown in Figure 64 where the
effects of the titanium frit are apparent. Attributing this to the finer pore size and limited
flow rate, the particles made with a titanium frit are about one tenth the size of those seen
in the glass frit pictures. This is some preliminary research into how pore size can affect
the particles produced and could potentially be used to tailor the size of nanoparticles as a
function of pore sizes, not only concentration. More research needs to be done to
elucidate the details between pore size and particles, as well as other variables which
influence this system: namely precursor flow rate, stir rate, turbulence, frit proximity to
the stir blades, viscosity, and surface tension. The relationship between the variables will
help define the system and potentially allow the predicting of nanoparticle sizes.
Finally, an issue arising from the use of ammonium bicarbonate as the primary
precipitant is residual carbonate which persists until 850-900°C, as seen in the TGA from
Figure 57, where some samples continue to decompose past 800°C, and the FTIR spectra
in Figure 58, where the 1400 and 1300cm-1 stretches indicate the presence of
carbonate.[117][118] The goal of an amorphous powder for manipulation in post-processing
will not permit going to those temperatures due to the onset of the crystalline phase and
sintering of the powder. Researchers have found that carbonate
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Figure 62 Left is a wide field view (100 nm scale bar) of the Ti frit produced powder spread across an SEM platform, an
enlarged section (right) can be seen with a measurement of a particle of 12 nm.
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Figure 63 Left is a wide field view (1 µm scale bar) of the Ti frit produced powder spread across an SEM platform, an
enlarged section (right) can be seen with a measurement of a particle of 25 nm.
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Figure 64 YAG precipitation comparison between the fine glass frit and the ultrafine titanium frit at 3 mL per minute.
Scale bars for the top row are 300 and 200 nm (left and right), for the bottom they are 300 and 100 nm (left and right).
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cannot be eliminated by microwave calcination at 750°C[168][169], which is one
hundred degrees higher than the current temperature used here. Alternatively, other
researchers have shown that calcium carbonate can be decomposed simply by steaming the
powder and processing in the furnace at significantly lower temperatures.[170][171]
The microwave calcinations were replicated using a Microwave Research &
Applications BP-110 microwave furnace with high temperature liner using a hybrid heating
method. This heating method employs a susceptor, in this case silicon carbide, to heat up
in the presence of microwave irradiation and passively warm up the sample until the sample
itself becomes susceptible to the microwaves. The temperature for YAG susception is
around 700°C.[172] Samples in Figures 65 and 67-70 were microwave calcined and then
examined via FTIR spectroscopy. Figures 66 & 71 show the thermogravimetric analysis of
some samples and demonstrate clearly the presence of something which decomposes at
825°C. When compared with the FTIR analyses this is likely carbonate.
Following the experiments of Lin, et al. (2015) and Chen, et al. (2020),
microwaving was expected to be sufficient for the removal of carbonate because of induced
suceptance of the carbonate around 600°C. Figure 65 shows the FTIR spectrum first
attempt of a precipitation involving only ammonium bicarbonate. After a treatment the
carbonate species persists, but its response to the analysis is reduced likely indicating less
carbonate is present. Figure 66 has a TGA of the sample and shows the decomposition of
carbonate at ~825°C. Figure 67 shows the FTIR spectrum of a second experiment involving
2-ethyhexanoic acid and ammonium hydroxide. Unexpectedly, the signature stretches of
the
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Figure 65 FTIR spectrum of a precipitation performed with ammonium bicarbonate and calcined at 650°C for 6 hours
under oxygen (blue) and then microwave calcined at 650°C for 6 hours under air (orange). The carbonate stretches are
marked by the box.
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Figure 66 Thermogravimetric analysis of the YAG sample calcined at 650°C for 6 hours under oxygen and
then microwave calcined at 650°C for 6 hours under air.
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Figure 67 FTIR spectrum of a precipitation performed with ammonium hydroxide and 2-ethylhexanoic acid and
calcined at 650°C for 6 hours under oxygen (Blue) and then microwave calcined at 650°C for 6 hours under air
(Orange). The carbonate stretches are marked by the box.
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Figure 68 FTIR spectrum of another precipitation performed with ammonium bicarbonate and calcined
at 650°C for 6 hours under oxygen (Blue) and then microwave calcined at 650°C for 6 hours under air
(Orange). The carbonate stretches are marked by the box.
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Figure 69 FTIR spectrum of a precipitation performed with ammonium hydroxide and 2-ethylhexanoic acid and calcined
at 650°C for 6 hours under oxygen (Blue) and then microwave calcined at 725°C for 6 hours under air (Orange). The
carbonate stretches are marked by the box.
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Figure 70 FTIR spectrum of another precipitation performed with ammonium bicarbonate and calcined at 650°C for 6
hours under oxygen (Blue) and then microwave calcined at 725°C for 6 hours under air (Orange). The carbonate
stretches are marked by the box.
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Figure 71 YAG calcination at 650°C for 6 hours under oxygen followed by microwave calcination at 725°C for 6 hours
under air. A standard is included as a reference for the high temperature response where the crystalline phase sets in
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carbonate increased slightly than in the originally calcined sample. The reason for this
increase is not clear. Figure 68 is another spectrum of the ammonium bicarbonate sample
which had not been microwave calcined, being treated in a manner similar to the sample
from Figure 65. Unexpectedly for this sample, the carbonate response has decreased to near
background levels indicating some other variable may be influencing the system. Figures
69 and 70 are samples of 2-EHA + OH and ammonium bicarbonate only, respectively,
which were treated at a 725°C instead of 650°C. Both of these show significantly reduced
response in their FTIR spectra, but an unwanted side effect was sintering of the powder
from inconsistent heating of the sample. This non-uniform heating may have contributed
to the reduced signal seen in Figure 68’s sample. A combined TGA of the ammonium
bicarbonate sample’s progression in Figure 71 shows the persistence of carbonate from
traditional calcination, but the sample calcined at 725°C has lost enough that the weight
reported increases with temperature as the sample powder begins to densify, concluding
with weight loss as the crystalline phases set in at 950°C. A similar response can be seen
in the standard from Alfa Aesar. Temperatures of 750°C were attempted, but poor
insulation in the microwave furnace led to steady heat loss leaving 725°C as the highest
temperature attainable as the microwave continuously tried to reach higher temperatures.
Microwave roasting at different temperatures to remove the carbonate was
inconsistent with its results. The data show some samples responded to the microwave
treatment, while others show little to no change. To avoid the undesired sintering and
coarsening of the powders at higher temperatures from microwave irradiation, an alternate
approach was needed. Papers by Giammaria, et al. (2019) and Silakhori, et al. (2021) have
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shown with calcium carbonate that decomposition can occur in the presence of high
temperature steam. The proposed mechanism is a step-wise decomposition to a bicarbonate
species which at the elevated temperatures is decomposed to a hydroxide and carbon
dioxide. To test the effect of water a sample was left in a desiccator filled with 500 mL
deionized water and a sample in an alumina crucible was loosely covered with aluminum
foil to protect the sample from condensation and allow gas exchange. This whole setup was
covered by the desiccator lid and placed in an 80°C oven over the weekend. A diagram of
this setup can be seen in Figure 72. The sample was then subjected to microwave
calcination and the results can be seen in Figure 73 showing the progression of the material
as it was made, furnace calcined for 6 hours under air, steamed for 72 hours, and microwave
calcined for 6 hours under air. To prevent unwanted sintering of powder, the sample was
placed indie one crucible which was them placed inside another snug fitting crucible to
give a small air gap to equilibrate temperature. No unwanted sintering was seen from this
setup.
From the initial calcined sample (blue line, 650°C for 6 hours under oxygen) to the
microwave calcined step (orange line, 700°C for 6 hours under air), a reduced absorbance
from the carbonate is seen. However, an equivalent response returns when the sample is
steamed for three days at 80°C (grey line) but accompanied by an Al-OH stretch at roughly
1100cm-1 giving confidence that water has thoroughly saturated the sample from the steam
chamber.[173] In a final microwave treatment for 700°C for 6 hours under air the FTIR
spectrum in yellow in Figure 73 shows a background response in the region where
carbonate would be expected.
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Figure 72 Diagram of the setup for steaming the powder in a loosely covered crucible contained
within a desiccator.
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Figure 73 Calcination of carbonate residue contaminated powder. It has been recorded as it was originally calcined,
calcined again in a furnace, then in a microwave, then steamed, and a final microwave treatment. All calcinations were
done a 650°C for 6 hours
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The results from this experiment represents the first time this type of decomposition
has been reported for rare earth-based materials and that flowing steam is not necessary, a
static treatment can suffice. The success seen in elimination of the carbonate after a
microwave treatment can be a large time savings for other processes which leave residual
carbonate contamination behind.

Conclusion
Several experiments were conducted exploring the idea of direct injection through
an immersed frit to divide the metal ion precursor solution into finer liquid streams.
Demonstrated through the numerous experiments and a comprehensive study of ideal
precipitant for precipitation and influence of organic modifiers it was found that
ammonium bicarbonate was the ideal candidate for nanoparticles. This is one of the first
times results like this have been reported and through more investigations this method
could have a solid foundation to broaden the potential applications. Its simplicity and
significant increase in the operating regime of precipitation make it highly appealing and
approachable for more research to be conducted.
The hypothesis this was based on was regarding frit pores having the ability to make
nanoparticles from concentrated metal ion precursor solution.
Compared to the previous methods in Table 6 this setup was simple and inherently
divided the liquid through the pores of the frit, requiring no other mechanical, pneumatic,
or electric influence to divide the solution. It was capable of making product which met the
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desired morphology and characteristics as well as stoichiometry and composition. The
simplicity of the system limits the number of steps to process the precursor for precipitation
and makes the setup conducive to alteration for continuous production, in-line monitoring
of the product, and waste recycling. The only marks against this method are regarding the
contamination and yield efficiency since YAG is not what is being made by the process,
rather a secondary material that can be heated and made into YAG. Further in the case of
carbonate, samples may have some residual contamination to contend with. Though this
contamination was shown to be manageable through processing with a humid atmosphere.
There remains more work to be done to understand this method and test its limitations. The
work shown here demonstrated its ability to perform at high concentration and synthesis
powders with the desired characteristics and composition.
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Table 6 Comparison of the precipitation techniques with a delineation to highlight
the frit assisted technique.
(In regard to
oxide syntheses)

Product meets
desired
composition
Product meets
desired
characteristics
Process is
Energy
Efficient
Process is Cost
Efficient
Process is
Yield Efficient
Process is
Flexible
Process has a
Minimum of
Steps
Product is
Reproducible
Residual
Contamination
Elimination
Capable of
Continuous
Operation
Process can be
Monitored InLine
Process has
Minimal
Hazards
Waste and
Disposal are
Manageable

Dropwise
Precipitation

UltrasonicInfluenced
Precipitation

Aerosol
Spray
Precipitation

Ultrasonic
Nebulization
Precipitation

Frit Assisted
Precipitation

A
B
A
A
C
A
B
A
B
A
A
B
B

A
B
A
A
C
C
C
A
B
C
A
B
B

A
A
A
A
B
B
C
A
B
A
A
B
B

A
C
A
A
B
B
C
A
B
A
A
B
B

A
A
A
A
B
A
A
A
B
A
A
A
A

Excellent Good Poor Unsatisfactory
A
B
C
D
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CHAPTER 6
OVERALL SUMMARY AND PROSPECTS
This project’s goal was to make yttrium aluminum garnet nanoparticles of
consistent size for industrial production and at low cost. Numerous synthetic methods were
tested in experimental detail to ascertain which methods might be fruitful for further
development. These methods included ball milling, solution combustion synthesis,
microwave assisted combustion synthesis, flame spray pyrolysis, hydrothermal treatment,
and coprecipitation. These methods were judged based on criteria from Darr, et al. (2017)
and expanded in this dissertation to allow for more detail. These modified criteria were that
the:
•

Product meets desired composition

•

Product meets desired characteristics

•

Process is energy efficient

•

Process is cost efficient

•

Process is yield efficient

•

Process is flexible

•

Process has a minimum of steps

•

Product is reproducible

•

Residual contamination is eliminated

•

Process is capable of continuous operation

•

Process can be monitored in-line

•

Process has minimal hazards
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•

Waste and disposal are manageable

These points were summarized in tables at the ends of the chapters. Initially a simple
system of ’s, ▬’s, and ’s was used to rate these processes in each category, but this
evolved into an A-D system to give more options for rating and reflect more subtly of the
processes. Gauging the performance of the methods after experimental testing led to the
conclusion that precipitation had the most promising synthesis approach due to its
simplicity and low-cost.
Reflecting on the initial investigations into the synthesis methods mentioned in the
first paragraph highlights their disadvantages as compared to precipitation. Ball milling
was originally enticing because it offered a totally solid-state approach, bypassing the need
for solvents, and leading directly to the complex oxide. Unfortunately, the hardness of the
aluminum and yttrium oxides led to degradation of the milling media and containers. The
degraded material was found in the product and there were no simple means of removing
the contamination. The small batch nature of this approach also limited its usefulness.
The shortcomings of ball milling emphasized the need for a non-contaminating
synthesis capable of directly producing YAG powder. This consideration led to solution
combustion synthesis. The redox reaction of aluminum and yttrium nitrates with a fuel,
such as urea, occurred upon heating and resulted in a rapid exotherm. The reaction was
quite vigorous and produced a foamed powder and corrosive gases. The powder produced
had particles which varied widely in shape and size. Further, the corrosive gases degraded
several furnaces. An alternate approach using ashless filter paper as a template was tried,
but this was not favorable because of residual contamination from the filter paper.
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An alternate approach to heating used microwave irradiation to contain the
corrosive gases in the microwave cavity, away from the heating source and control the
microwave more easily. Once again, the gases eventually destroyed the microwave and
emphasized the adverse character of the batchwise combustion approaches. Similar to the
previous combustion syntheses, the particles making up the foam were irregular in size and
shape, and the batchwise nature of this was not ideal.
Attention turned to flame spray pyrolysis because it can make oxide particles from
metal nitrates dissolved in a flammable organic solution sprayed through a flame. Using
both an industrial and bench-top setup, the collection of the product became problematic
with considerable loss. The use of a flammable solution and troublesome preparation were
also considered unsafe.
Precipitation was tried next because it was safer and required less preparation than
flame spray pyrolysis. The soft technique, where the product is a steppingstone to the final
desired product, is something that had not been attempted yet because these need post
processing. This intermediate stopping point also allows for greater control over the
product by the use of capping agents or other organic modifiers. Results from this were
promising because of the simple setup and the batch-wise setup could be adapted to a
continuous flow if desired, but it did require dilute metal ion solutions to make
nanoparticles.
A final method tested was a simple hydrothermal synthesis. The apparatus
employed was a Teflon liner encapsulated in a stainless-steel container. The PTFE liner
limited the temperature to 240°C. Precipitant from the previous precipitation was added to
165

the hydrothermal reactor and treated for 24 hours. FTIR results showed conversion YAG
was incomplete with a large presence of original material. It is possible that a more capable
apparatus might have better results. This limitation and the batch-wise reaction setup made
this technique less desirable.
Since precipitation was selected from these preliminary tests, more testing was
needed to explore it and improve its concentration limitation. The influence of ultrasonic
irradiation and acoustic micro-mixing of the precipitant was explored next. A focused
apparatus was built, and the intensity was tested with luminol. Dropwise addition of the
metal-ion solution into a bottle of the sonicating precipitant, which could not be stirred or
it would invalidate the ultrasonic waves, resulted in a floating ‘raft’ of precipitated material.
This led to a mass of material which, after calcination, was coarse and not a viable powder.
Several sources have used spray precipitations to produce nanoparticles, which
benefited from finely divided droplets to promote the formation of nanoparticles. Two
setups were tested and a third was proposed using aerosolized liquid, ultrasonically
nebulized liquid, and proposed was electrospray. Aerosol spray was simple in its approach
to disperse droplets, but the carrier gas caused droplet ejection which coalesced droplets
and caused large particles to form, though the SEM images showed consistent nano-sized
particles among the large pieces. Ultrasonic nebulization was attempted to bypass the need
for a carrier gas and limit droplet ejection, but this was futile as the turbulence from stirring
led to droplet ejection and coalescence and SEM images showed powder of very poor
morphology and size. Attempts to modify these using capping agents had minimal effect
and clogged the capillary. For both previous experiments, more concentrated solutions
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were attempted, but it was found that this led to large droplets or a failure to spray in the
case of the ultrasonic nebulization. Electrospray was proposed and setup to use
electromotive forces to drive droplets to the oppositely charged solution, but the flows were
difficult to control, and corona discharges were apparent. Each method was discontinued
because of these factors not meeting ideal criteria in yield efficiency, cost efficiency, and
safety.
Underpinning all these precipitation approaches was the requirement for dilute
solutions, ultimately affecting the yield efficiency. If this barrier could be overcome, then
it would improve this approach considerably. The concept of division from a spray seemed
promising, but the accompanying problems left significant room for improvement. If
division could happen within the precipitant liquid by direct injection, then there would be
limited time for unwanted side effects to occur. The result of this was direct injection of
liquid through a frit into a vigorously stirred precipitant. This innovation was surprisingly
successful with a concentrated metal-ion solution. Thus, the yield problem was solved and
preliminary investigations with a fine pore size frit indicated that small particles resulted.
This novel immersed frit-assisted precipitation process holds great promise in that it quite
likely will function for production of many other kind of nanoparticles (chalcogens, other
oxides, and metals or alloys, for examples). In addition, the adaptation of the apparatus for
continuous production appears to be straight forward. Also, the employment of other
porous media to substitute for the frit is worth exploring. The frits present random exits,
but more orderly membranes are available in which the exit channels are in a consistent
array. Experiments with these might elucidate the drop-production process and lead to
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further improvements. Other means of turbulence production could also give rise to smaller
extruded droplets.
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